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ARTICLES | |

OPERATING EXPERIENCE WITH THE VVER-1000 REACTOR
FUEL-ELEMENT ASSEMBLIES OF THE FIFTH UNIT
OF THE NOVOVORONEZH NUCLEAR POWER STATION

Yu. V. Vikhorev, V. A, Voznesenskii, UDC 621.039.566
V. V. Goncharov, K. P. Dubrovin,

V. N. Proselkov, V. A, Sidorenko,

V. N. Siryapin, N. L. Fatieva, and N. S. Fil'

“The fifth unit of the Novovoronezh nuclear power station, with a VVFR-1000 reactor, was switched into
the grid system on May 30, 1980 and it was brought to nominal power on February 20, 1981, It was a pilot unit
for the third generation of pressure-vessel water-cooled/water-moderated reactors with an electrical capa-
city of 1000 MW, The development of the VVFER from the first unit of the Novovoronezh nuclear power station
took place. via the path of optimization of the fuel and thermal power cycles, with improvement of the specific
technicoeconomic indices. The demands for safety of nuclear power stations have been increased constantly.
Subsequent development of the VVFR-1000 provides for transition from the base to the adjustable operating
cycle. The requirements for adjustable characteristics of nuclear power station plants are formulated mainly
by the requirements of the consumer. The nuclear power station must ensure a drop and rise of power at the
rate of 1 to 4% of the running value per minute, depending on the lower level,

The results of the startup operations and the bringing to power of the fifth unit are discussed in [1]. The
present paper contains an analysis of the results of the operation of the fuel element assemblies (FEA) of the
fifth unit according to the situation in April, 1982.

Principal Characteristics of the Reactor Facility, Core, Fuel Element Assemblies, and Fuel Elements.
The principal characteristics of the fuel were determined with optimization of the fuel cycle, taking account
of the limitations imposed by the conditions of transportability of the reactor vessel, the limiting working tem-
perature of the zirconium alloy of the fuel element cans, the coolant flow rate, etc. ‘

Optimization of the coolant cycle parameters and the fuel characteristics related with them by compari-
son with the VVER-440 was conducted on the basis of more-profound concepts about the thermal and physical
processes in the reactor core, the subsequent development of intrareactor measurements, and the increase of
reliability of heat removal [2]. Increase of the thermal capacity of the VVFR-1000 has been achieved because
of the reduction of the nonuniformity of the heat release in the core. The cartograms of the first and second
fuel changes of the core are shown in Fig. 1.
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Fig. 1. Cartograms of the first (a) and second (b) fuel charges (1/6 of the core): 1, 4) enrichment of the FEA,
2.0 and 3.3%, respectively (317 fuel elements); 2) FEA with profiling conforming to enrichment 3.3, 3.0, and
2.4% (251, 48, and 18 fuel elements, respectively); 3) FEA with profiling conforming to enrichment 3,0 and
2.4% (251 and 66 fuel elements, respectively).

Translated from Atomnaya Energiya, Vol. 54, No. 3, pp. 163-166, March, 1983. Original article sub-
mitted September 16, 1982. '
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The principal design characteristics of the reactor core of the fifth unit for a two -yr run are given

below:

Nominal thermal capacity, MW
Nominal coolant pressure at the reactor outlet, MPa
Average coolant temperature, deg C:
at reactor inlet:
design
actual
at reactor outlet:
design
actual
Coolant flow through reactor, m3/h:
design
actual .
Calculated average fuel burnup, MW days/kg U:
for fuel element assemblies of first charge
for fuel element assemblies of second charge
for steady-state recharging conditions '
Average power intensity of the core, kW/liter
UO, charge in core, tons
Running time, yr .
No, of rechargings during run
Fuel enrichment (first fuel charge), %
Fresh fuel enrichment in steady-state recharging conditions, %
No. of fuel element assemblies '
No. of fuel element assemblies with bundles of absorbing elements
No. of absorbing elements per bundle

Coefficient of nonuniformity of energy release over the core volume, Ky

Coefficient of nonuniformity of energy distribution over all fuel elements
of the core, KFg C
Average coolant flow rate, m/sec:
at inlet to bundles:
design
actual
at outlet from bundles:
design
actual

3000
15.7

290

322
317

80,000
88,000

12
23.3
30
111
75.5
2

2

2, 3, and 3.3 (78, 18, and 55 FEA)

3.3 -
151
109
12
2.79

1.48

5.1

- 5.4.

5.8
6.1

The first period of operation provides for an annual recharging of one half of the fuel during a two-yr
run of the fuel with an average burnup of 30 MW -days/kg U and a 3.3% enrichment of the makeup fuel. Subse-
quently, transition to a four-yr run with a 4.4% makeup fuel enrichment and an average burnup of MW -days/

B , 4

kg U is foreseen.

,140

The characteristics of the FEA and fuel elements of the fifth unit are given below (fuel element cladding
material — Zr + 1% Nb alloy; fuel — pellets of sintered uranium dioxide with a central hole; pressurization of
the fuel elements is effected by electron-beam welding; gas below fuel element cladding —helium, pressure

1.96-2.45 MPa at room temperature):

Maximum temperature of fuel element cladding from the coolant side, deg C

Linear power of fuel element, W/cm:
average
maximum design
maximum actual
Gauge of FEA below key, mm
No. of fuel elements in each FEA
Height of fuel column in operating state, mm
Minimum fuel density, g/cm?
External diameter of fuel element, mm

166

350

176
525
465

. 238

317
3560
10.4
9.1
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Thickness of fuel element cladding, mm 0.63-0.68
Size of fuel-element-cladding diametral gap, mm 0.19-0.32
Diameter of central hole, mm 1.4-1.6
Volume of fuel element gas collector, cm?® ‘ 11

During bringing to power and subsequent operation, conformity between the thermal loading distribution
in the core and the design values was established. The maximum coefficients of nonuniformity of energy re-
lease in the FEA (Kq) and the core volume (K{}hys KqKz) achieved during operation, taking account of the
effect of the control elements, did not exceed 1.35 and 2.0, respectively. The experimentally determined co-
efficient of nonuniformity over the core volume (KP] Y5y is a part of the total volume nonuniformity, calcu-
lated as

Ky = KrgKzKengs

where Kpg =1.48 is determmed from physics calculatlons KFE = KgKi (Kg is the nonuniformity of energy
release with respect to the fuel elements of a single FEA); Kz is the nonuniformity of energy release with

respect to height (Ky = K, Kx, =1.48-1.1 = 1.63); Keng = 1.16, engineering safety factor, taking account of
tolerances in manufacture and calculation errors; and KXe = 1.1, margin on the onset of xenon fluctuations.

By calculation, Ky = 2.79. ‘The maximum calculated (design) linear power of a fuel element qu =
q;KyKn =176-2.79-1.07 = 525 W/cm, where Ky = 1.07 is a coefficient, taking account of the error of deter-
mining (4%) and maintaining (3%) the reactor power.

Since the actual error in determining and maintaining the reactor power does not exceed 4%, and Kxes
in view of the measures to suppress xenon fluctuations, reduces to 1.0, the actual maximum linear power of a

fuel element does not exceed q?gax = 465 W/cm.

Operating Conditions of the Fuel Element Assemblies. During the operation of the FEA of the fifth unit,
the number of regions of reactor power change was increased. This was related with both the conditions of
operation of the grid system and with breakdowns of the nuclear power station plant in the initial period of
operation,

The systematic heating up of the facility from the cold state to the hot state was effected with a rate not
exceeding 20°C/h. Up to the level of 40-45% of the nominal power value, the rate of increase amounted to not
more than 6% per min; further increase was conducted with a rate of 19 per min, and with obligatory holding
at the 75-85% level during 3 h. In the case of systematic cooling down, the rate of reduction of the coolant
temperature did not exceed 30°C/h :

Before the first recharging the reactor operated for 258 effective days. The average and maximum
burnup by the FEA in the core achieved amounted to 11.9 and 14.8 MW - days/kg U, respectively. These values
are somewhat lower than the design values for the first reactor charge. The incomplete fuel burnup is due to
the necessity for the premature recharging of the reactor before the onset of the fall—winter maximum demand
for electric power. Operation of the reactor with the second fuel charge started on November 23, 1981. After
operation of the reactor over 120 effective days from the time of recharging, the fuel burnup throughout the
core on the average, was 13.3 MW -days/kg U, for a maximum burnup in the FEA of 21.4 MW -days/kg U.

The total number of different reactor operating cycles during the time of operation from May 30, 1980
to May 1, 1982 is given below:

Startup from cold state 9
Power reduction from nominal to minimum, corresponding

to the hot state of the reactor . 12
Power increase from minimum, corresponding to the hot state

of the reactor, to nominal 15
Systematic power reduction with subsequent cooling of the reactor 8
Load dumping by 20-509 of the actual reactor power 90

Stepwise load increases:
at intervals up to 50% by 20%, and from 50 to 100% hy 10%

of the actual reactor power 117
Disconnection of one loop of the four operating, and connection

of one loop to three operating loops 44
Disconnection and connection of two loops 9

167
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Actuation of the scram system of the first species with emergence

of the reactor into the hot state 28
Actuation of the scram system of the second species (switching-
off one turbogenerator) 3

During the first operating cycle of the reactor, i.e., up to the first fuel recharging, 64 power reductions
to zero were carried out, of which 27 were the actuation of the scram system of the first and second species.
A large part of the scram system actuations was effected in the course of carrying out the development of a
program of regimes with actuation of the scram system. During the second operating cycle (after the first
fuel recharging), 4 scram system actuations and 12 power reductions by 50% occurred, according to the situ-
ation at April 1, 1982.

It can be seen from Table 1 that during the time of operation, of the 398 transitional regimes (power
shedding and drawing), the major part fell within the first cycle and the first fuel charge. An analysis of the
coolant activity of the primary circuit and the results of monitoring the hermeticity of the fuel element cans
of the first fuel charge show that the considerable number of power variations did not affect the working ef-
ficiency of the fuel elements.

The investigation of the fuel operating regimes and the activity of the coolant of the primary circuit has
great importance from the point of view of studying the fuel reliability, since one of the problems arising dur-
ing the solution of the question of increasing the adjustability of nuclear power stations is the stability of the
fuel elements in variable power conditions [3-5]. Themain cause of rupture of the fuel elements in this case
is the mechanical action on the fuel cladding as the result of thermal expansion. The state of pressurization
of the fuel element cans for the period of debugging of the plant, which can be characterized by the increased
number of failures, it is important information for studying the reliability of the fuel elements.

Analysis of the Condition of the Fuel Element Cans from the Activity of the Water of the Primary Cir-
cuit and during Recharging. During the first cycle of operation; a radiochemical analysis of the coolant in the
operating reactor (relative to- the activity of the fission products) and monitoring of the pressurization of the
fuel element cans in the shut-down reactor (by the method of digestion in a hermetically sealed box) were
carried out.

The activity of the primary circuit coolant from the dry residue and the sum of the iodine isotopes did
not exceed 2.7-10" and 9.6 - 10° Bq/kg, respectively, at nominal power (1 Ci = 3.7-10'° Bq), which is signifi-
cantly below the maximum permissible values. In the analysis of the composition of the coolant activity, it
was established that at the time of recharging there were no fuel elements in the core with large-scale de-
fects, and that the number of depressurized fuel elements with gas leakage (microdefects) was significantly
less than the design value. No grouping of depressurized fuel elements was noted in any part of the core,
which indicated an identical level of activity in all loops.

When monitoring the pressurization of the fuel element cans in the shut-down reactor, 48 FEA were
checked, of which one FEA (06-04), intended for routine removal from the reactor, was found to be depres- -
surized. During the period of operation of the reactor, the mid-monthly discharge of radioactive noble gases
into the atmosphere amounted to about 6.3 -10'? Bq.

TABLE 1. Number of Power Variations (increase/decrease) during the Period of Operation of
the Fifth Unit from June, 1980 to March, 1982

Range of reactor Range of thermal power variation, MW
thermal power, : 900 1200 1500 1800 | 2100 2400 2700
in which its varia- [Up to 150|150 -300{300-600{600~900| 1390 | 1500 | 1800 | 2100 | 2400 | 2700 | so00 | Total
tion was effected, ’
MW |
0—1000 7/6 12/11 | 1277 15/10 — — — —_ — — —_ 46/34
1000—2000 12/13 \ 1712 | 10/5 8/41 | 99 | 12/45 U6 | 372 — — — 78173
2000—3000 21/18 /7 9/8 7/9 9/10 | 12/ 4/0 5/2 37 21 9/10 88/79
Overall total 40737 | 36/30 | 31720 | 30/30 | 18749 | 24/22 | 11/6 | 8/4 37 1 21 | 9/10 | 2121186

168
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CONCLUSIONS

The initial operation of the fifth unit was characterized by an increased number of transitional regimes,
the number of which did not exceed the design values. No effect of the considerable number of power varia-
tions on the working efficiency of the fuel elements was observed. An-analysis of the primary circuit coolant
activity with respect to fission products shows that operation of the fifth unit is characterized by a low de-
gree of depressurization of the fuel element cans. The number of fuel elements with microdefects is sig-
nificantly lower than the limiting value, which confirms the high reliability of the fuel elements. After attain-
ing nominal power level, no marked depressurization of the fuel elements develops.
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USE OF THE THERMAL COOLANT NOISE tN FLOW RATE
MEASUREMENT FOR RBMK CHANNELS

. M. Selivanov, N. P. Karlov, UDC 621.039.564.2.5
. D. Martynov, V, V., Prostyakov,

. V. Lysikov, B. A. Kuznetsov (USSR),

Pallagy, S. Horany,

. Hargitai, and 8. Toszer (Hungary)
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The coolant flow rate in the core is one of the basic parameters of a reactor. The current level of
electronic engineering makes it possible to measure the flow rate by statistical analysis of the coolant noise.
The method is based on the correlation between the random signals propagating in the moving medium and the
time characteristics of the flow [1]. The random signals, in particular, may be coolant temperature fluctua-
tions. The coolant speed is then calculated as the ratio of the distance between two thermoelectric transduc-
ers TET in the flow to the transport time for fluctuations to travel this distance [2]. The advantages of the
correlation (thermometric) method of determining speed (flow rate) are that the result is independent of the
coolant temperature, there is minimal pressure difference, and there are no moving parts in the primary
transducer (correlation flowmeter).

Here we consider the use of the thermometric correlation method to measure coolant flow rates in RBMK
channels. Particular attention is given to the physical nature of the temperature fluctuations and to estimating
the effects of the primary-transducer parameters on the results.

Experimental studies [3] indicate that the structure of a turbulent flow can be represented as the com-
bined motion of interacting turbulent eddies differing in speed. These eddies differ also in temperature if
there are temperature gradients in the flow.

The speed and temperature fluctuations have a wide spectrum in a turbulent flow, which indicates that
perturbations differing in scale and energy are present. The correlations for the temperature fluctuations in
developed turbulent flow are determined mainly by the scales of the perturbations [4].

When the flow rate is measured by a correlation method, it is undesirable to uée the entire spectrum of
the thermal noise. Natural convection may influence the measured speed in the infralow frequency range. Also,

Translated from Atomnaya ]'E}nergiya, Vol. 54, No. 3, pp. 166-169, March, 1983. Original article sub-
mitted September 3, 1982,
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Fig. 1. Structural diagram of the equipment: 1) TCF;
2) four-channel amplifier; 3) tape recorder; 4) double-
bheam oscilloscope; 5) correlator.

~J

[

oA
902 A

(]

4

1
YA I
XD Y N L oAl A A et Ao [ e A e Brn A
_”’—(E YV ey e VVA*V .- v A/"VI\\JAVA' vénf A A A‘“

-
s K N s L

1005, ;
WW%%M&WWWM
b

Fig. 2. TEP-1 signals from TCF in cells 25-64 (a) and 11-40 (b) for
flow rates of 10 (1) and 30 m3/h (2).

the dispersal in the probability characteristics increases [5] as the frequency of a stochastic process is re-
duced. Therefore, the low-frequency part of the spectrum must be cut off. The upper boundary to the spec-
trum is set by the natural fall in the temperature fluctuations and also by the frequency response of the TET.

The temperature fluctuations at the points of flow rate measurement arise in the multichannel RBMK on
account of the temperature gradient between the coolant and the surrounding medium and also because the ther-
mally inhomogeneous mixture is transported along the system, this being formed by mass transfer between
flows differing in temperature within the large volumes of the branched circulation loop (in the collectors). The
intensity of the temperature fluctuations is dependent on the position of the flowmeters in the group collectors
[6] and is determined by the superposition of turbulent and mixing fluctuations.

During reactor research, studies have been made on the distribution of the thermal noise at the flow-rate
measurement points, and the intensity and physical nature have been determined, along with the effects of var-
ious parameters in the primary transducer (lag in the TET and baseline distance between them) as regards
the accuracy of measurement.

A thermometric correlation flowmeter TCF was devised for the purpose, which consisted of four TET
placed in the body of a tachometric spherical flowmeter of Storm type'. The TET assembly was made as a hol-
low plate welded to the body. The TET were placed within the plate, and the.leads were brought out through
the flowmeter plug. The shell diameter of 2 TET was 3 mm, while the diameter of the working junctions was
1.5 mm. The TET junctions projected from the plate on the side opposite to the inlet tube. This disposition
was used for the TET working junctions because of the more-stable coolant flow in this part of the flowmeter.
The distance between the TET-1 and TET-2 junctions was 40 mm, that between TET-2 and TET-3 80 mm, and
between TET-3 and TET-4 80 mm, which when used in various combinations enabled one to measure flow rates
with baseline distances of 40, 80, 120, 160, and 200 mm.
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Fig. 3. Change in the signals from TET-1 (1), TET-2 (2), TET-3
(3), and TET-(4) over the height of the TCF in cell 11-40 for Q =
50 m3/h.
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Fig. 4. Spectral density (a) and autocor-
- relation functions (b, ¢) for TET signals
from the TCF in cell 25-64.

Experimental specimens of the correlation assemblies were placed in the bodies of standard installed
flowmeters in the channels of cells 25~64 and 11-40 (Fig: 1). The measurements were made in the frequency
band 0.5-5.0 Hz with amplifiers whose inherent noise level was not more than 0.05 uV at a coolant temperature
of about 270°C and a pressure in the pressurized collector of about 8.0 MPa. The coolant flow rates in these

channels were controlled in the range 10-50 m3/h and were monitored by duplicating flowmeters of differential-
manometer type.

The TET signals from two correlation flowmeters (Fig. 2) showed that throughout the flow-rate range
there were differences in the character of the temperature fluctuations. The temperature fluctuations for TCF
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Fig. 5. Comparison of the correlation speed measure-
ments on a baseline S = 200 mm with data from the dif-
ferential-manometer flowmeter (a) and dependence of
the relative error in measuring water speed (on a test
bed) in relation to transport time (b) for S = 200 (9 ),
120 (+), and 80 O ) mm.

in cell 25-64 tended to come in bunches, i.e., alternation of time intervals with large and small amplitudes. The
character of the signal persisted on the flow rate increased, while the frequency rose somewhat. The intensity
of the temperature fluctuations varied from about 0.01°C with a flow rate of 10 m®/h to about 0.025°C at 40
m3/h. These values exceed by an order of magnitude the level of the turbulent-fluctuation intensity as defined

from [3]:
omax = CAt,,

where At is the temperature difference between the wall and the coolant flow, and C is a constant dependent in
general on the flow conditions and coolant properties (on the Pe number).

The TET signals from the flowmeter in cell 11-40 were of the stationary type at all flow rates. The sig-
nal intensity was almost independent of the flow rate and was about 0.001°C. The results indicate that in the
TCF in cell 11-40 there are turbulent pulsations, while in the flowmeter in cell 25-64 there is a superposition
of the turbulent pulsations and the mixing ones brought in by the flow from external temperature-noise sources.
The correlation coefficients in both cases were high (about 0.8-0.9).

Figure 3 shows the variation in the TET signals over the height of the TCF in cell 11-40; the signals for
all four thermocouples are virtually the same, which indicates that there is only slight change in the tempera-
ture fluctuations and that the flow in the measurement zone has adequate hydrodynamic stability. The signal
frequency range can be judged from the spectral density (Fig. 4a), while the increase in frequency with flow
rate can be judged from the change in the autocorrelation functions (Fig. 4b). The differences between the auto-
correlation functions in Fig. 4c confirms that there is a spread in the time-constants of the TET.

The speeds calculated from the correlation and differential-manometer flowmeters were in satisfactory
agreement for flow rates between 10 and 30 m®/h. There was a deviation from linearity at higher flow rates,
and the correlation flowmeter data deviated upwards considerably (Fig. 5a). .

The error in speed measurement by thé correlation method increases [7] when the transport time 7 de-
creases to values equal to or less than 7,, the lag in the TET (Fig. 5b), i.e., when 7y = 74; with this relation
between the parameters, the position of the peak in the cross-correlation function becomes closer to the ordi-
nate, andthen the possible spread in the TET time-constants (Fig. 4c) and in the passband of the measurement
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systems (and sometimes in the presence of synphase noise at the amplifier output) may influence the position
of the peak appreciably, and thus can lead to a substantial increase in the error in calculating the coolant
speed.

Therefore, these studies show that there is a considerable nonuniformity in the temperature —noise dis-
tribution at the points of coolant flow-rate measurement in the RBMK channels, which is due to temperature
fluctuations of various origins. The minimum value of the temperature-fluctuation intensity is about 0.001°C.
Further improvement in the design of the thermometric correlation flowmeter should be made, firstly, by lo-
cating the working ends of the TET in a zone of stable hydrodynamics; secondly, it is desirable to choose the
baseline distance between the TET on the basis of observing the inequality 7¢ > 7, throughout the flow-rate
range. That approach will minimize the systematic error arising from the spread in the TET lag and will
reduce the severity of the specifications for the analog measuring instruments in the correlation systems.
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ACOUSTIC EFFECTS FROM WATER LEAKING INTO SODIUM

V. S. Yugai, R. F. Masagutov, ' UDC 621.039.534.8
and F. A. Kozlov

Tight specifications are imposed on the reliability of fast-reactor nuclear power stations, in particular
for the sodium-water steam generators. In this connection, considerable attention is being given to the acous-
tic method of observing leaks of water into the sodium in the generator. Various experimental studies [1- 3]
show that the method is promising.

On the other hand, the creation of an acoustic leak-detection system involves solving various complicated
scientific and technical problems, of which primary importance attaches to high-temperature means of acous-

tic measurement and the leak-detection algorithm. The latter requires a study of the acoustic effects related
to leaks.

Various processes can act as noise sources when water leaks into sodium in the steam generator; flow
of the steam jet from the defect into the heat-transfertube or into the unit where the tube is fitted into the tube
support; oscillations of the hydrogen bubbles formed by reaction between the sodium and the water; boiling of
the sodium in the leak zone on account of local reaction heat; and acoustic emission in the components as the
leak develops.

It is complicated to observe a leak, because there is a considerable noise level arising from various
sources even in the absence of a leak on account of the operation of the steam generator and the other power
station equipment, which is acoustically coupled through the coolant and the pipelines to the steam generator.
The steam generator is a cylindrical vessel, with a ratio of length to diameter of 5: 25, and it may be consid-
ered as a narrow bounded tube as regards the propagation of low-frequency noise. For example, with a diame-
ter of 0.6 m the steam-generator module may be considered as anarrow tube for oscillations in the sodium of
frequency less than 5 kHz.

Translated from Atomnaya Energiya, Vol. 54, No. 3, pp. 170-173, March, 1983. Original article submitted
May 10, 1982.
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The body of the module has a certain elasticity, and therefore the speed of acoustic waves of any given
wavelength is less than the speed in an unbounded medium. The reaction of the wall is elastic if the circum-
ference of the body is less than the wavelength of the sound in the material. The wave speed in the generator
module varies at frequencies less than 1 kHz. The relative reduction in the wave speed at frequencies less
than 1 kHz is about 0.3 for the generator module, on the basis of the wall elasticity and the sodium com-
pressibility.

The steam generator module is filled with a tube bundle (there is steam in the tubes) and with sodium
around the tubes. If the diameter of a tube is 16 mm and the pitch of the tube in the bundle in a triangular ar-
ray is 28 mm, then diffraction will occur at a tube for wavelengths much less than the tube diameter, i.e., for
oscillations with frequency over 15 kHz.

The noise due to the water boiling in the heat-transfer tubes is the main source of interference in the
detection of noise arising from the leakage of water into sodium in the generator module. Calculations have
been performed on the transfer coefficients for the passage of boiling-water noise through the tube wall into
the sodium, which show that this noise has a substantial effect in the range 1-30 kHz. There is a tendency for
the boiling noise intensity to decrease as the frequency rises, so the effects of noise in the ultrasonic range
will be considerably less.

The speed of sound in sodium is dependent on the state parameters: C = C(T, P), or for small increments

ac ac
AC = (H)PAT—{- (W)TAP.
Experimental and theoretical values are available for the speed of sound at the melting point of sodium {4]:
C = 2653 m/sec; (0C/3T)p =0.58 m/(sec -deg) at 371°K, and (3C/P)T = 0.62°107% m/ (sec - Pa) at 383°K,

If we assume that the speed of sound varies linearly with temperature, then we have that a change in so-
dium temperature of 200 deg alters the speed of sound by about 5%. A change in pressure in the module under
isothermal conditions by 3.03-10° Pa alters the speed of sound in the sodium by a value comparable with the
error of measurement.

Solid and gaseous impurities in the sodium can be considered as microscopic inhomogeneities in acous-
tic measurements at 0.200-200 kHz. The density is important for a solid impurity, while the compressibility
is important for a gaseous one.. The effects of these impurities on the speed of sound in sodium C = v1/pp
can be expressed as

where S is compressibility; o, density; and g, coefficient equal to 3/[471’2,0(R0f0)2] (here f, and R, are the reso-
nant frequency and radius of a hydrogen bubble).

Clearly, the compressibility change has a decisive effect on the speed of sound.

Therefore, consideration of the module design enables one to choose the working frequency range for de-
tecting leaks. On the other hand, it is also necessary to determine the most likely frequency range for leak
acoustic effects in making this choice. The effects associated with gaseous hydrogen are most relevant for
the observation of small leaks of water into the sodium. The hydrogen bubbles oscillating in the sodium at the
natural resonant frequencies provide a noise source when there is a leak., In order to define the measurement
frequency range, it is necessary to know the size distribution of the hydrogen bubbles. According to [5], for
the bubble mode of flow for a leak of < 10 g/h the initial (detachment) hydrogen bubble diameter can be taken
as 2 mm. As the bubble moves, the diameter falls because the hydrogen dissolves in the sodium. When bub-
bles fuse, it is possible for a bubble of larger size to arise. As the leak grows, the size of the defect in-
creases, and therefore the hydrogen bubble detachment diameter rises. When the leak goes from bubble type
to jet type, there are changes in the contributions from the various noise sources, namely there is an increase
in the contribution from the noise generated by the escaping steam jet. It is therefore clear that in this com-
plicated and self-accelerating process there is no predominant frequency or frequency range. Leak-detection
algorithms should be based on a set of acoustic features characteristic of the various stages. Here it is de-
sirable to examine the effects of sound absorption in the hydrogen bubbles. One can calculate the effective ab-
sorption cross section in order to determine the analyzer band width required to observe the absorption effect
at various resonant frequencies.
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Fig. 1. Attenuation coefficient for oscillations of a hydrogen bubble in sodium:
1) viscous-loss component; 2) loss component due to sound radiation; 3) ther-
mal-loss component; 4) overall attenuation coefficient.

Fig. 2. Reduced extinction cross section for a hydrogen bubble in sodium (A is
the ratio of the frequency of the incident wave to the natural frequency of the
bubble): 1) Ry, =102 m, 6 = 0.617, f, = 6 kHz, 0, = 5.03-1072 m?; 2) R, = 3-107*
m, 6 =0.092, f, = 20 kHz, 0, = 8.21°107*m? 3) R, = 3-10™° m, 6 = 1.145, f; =
200 kHz, 0, = 5.22-107% m?,
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Fig. 3. Acoustic—measureﬁent scheme: A) emission
of oscillations in the experimental part; B) experimental
part (1-3; positions of radiator, ultrasonic detector,and
device for feeding water into sodium); C) system for re-
ceiving and processing acoustic noise.

There are three types of energy dissipation when an acoustic wave interacts with a hydrogen bubble in

sodium:

1) thermal losses due to bubble heating and the loss of heat to the sodium in response to the volume

changes produced by the second wave 4T:

2) radiation losses due to scattering of the acoustic énergy by the vibrating bubble as a spherical radi-

ator 6y; and

3) viscous losses due to the formation of sodium flows around the hydrogen bubble &y.
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Fig. 4. Absorption of ultrasound by hydrogen bub-
bles (Tyg = 500°C, faq =100 kHz); ——) noise lev-
el before feeding water into sodium; ) noise lev-
el 5 sec after stopping supply.

Fig. 5. Ultrasound absorption in feeding water into
sodium (Tyy = 350°C, .54 = 100 kHz): ———) noise
level before feeding water into sodium; } noise
upon feeding water with a flow rate of 0.2 g/sec.

Therefore, the overall damping coefficient will be the sum of the three terms, 6 = 6 T + 8p + Oy.

Damping coefficients have been calculated for hydrogen bubbles of size 10°6—107° m; the dependence of
the coefficient on the radius is shown in ¥ig. 1. To characterize the absorption and scattering at vibrating
bubbles it is necessary to determine the effective extinction cross section o, which is equal to the sum of the
absorption cross section ogq and the scattering cross section og. The extinction cross section is given by [6]

.. AnRE(/m)
RV LR A

where 7= 27rR0/7\ is the ratio of the circumference of the bubble to the wavelength. The variation in o, was
considered for bubbles whose resonant frequencies were 6-200 kHz. Figure 2 shows calculations on the ex-

tinction cross sections for hydrogen bubbles in sodium at frequencies close to resonance. The absorption and
scattering cross sections are given by [6]

6. — 4nR3 (6/m—1) o.— 4nR3
ETRIP 124 820 TS -2 8

Clearly, 0g/0g = /7, i.e., hydrogen bubbles in sodium absorb sound much more strongly than they scatter it.
On reducing the bubble radius from 1073 to 3-107° m, the ratio increases by a factor of 8.5. If the number of
hydrogen bubbles in a unit volume is small, the overall attenuation is equal to the sum of the attenuations at

all the bubbles: K¢ = Anc,. The minimum distance ;i between hydrogen bubbles such that their extinction
cross sections do not overlap can be derived from the resonance condition ’

__ 4nR3
° Somo *

(4]

s

The condition lﬁm:lng corresponds to the following volume concentration of hydrogen in the sodium:
0 0 Mo .

a=58(2-)°.

Imin

These arguments show that the dependence of K¢ on « is of saturation type, i.e., the attenuation coefficient is
proportional to « only for @ = ¢, and attains its maximum value for o = oy,

Experimental studies have been made on the attenuation at hydrogen bubbles in a working section rep-
resented by a tube of diameter 312 mm and length 3000 mm; wall thickness 6 mm. Within the tube there was
a bundle of 61 tubes of diameter 16 X2 mm. The sealed tubes were mounted with a pitch of 28 mm in a
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Fig. 6. Absorption and rise in ultra-
sound upon feeding water into sodium
(TNa = 500°C, fpa4 = 80 kHz): ——)
noise level before feeding water into
sodium; ) noise level upon feed-
water with a flow rate of 0.05 g/sec;
— — —) noise level upon feeding water
with a flow rate of 0.8 g/sec.

triangular lattice in tube mounts separated by distances of 2500 mm. The sodium rose into the space between
the tubes with a speed of 0.02 m/sec. Figure 3 shows the disposition of the device for feeding water into the
sodium, of the acoustic detectors, and of the radiator.. It also shows schemes for the emission of sinusoidal
oscillations at various frequencies and the reception of acoustic noise. The measurements were performed in
the following sequence. Initially we measured the noise spectrum at acoustic detectors for emission of a sine
wave at a definite frequency in the working part. Then the water was injected into the sodium in the working
part while waves were also radiated. The spectra of the noise arising from the leak and the radiation were
recorded with the acoustic detectors in the range 0.63-160 kHz, The measurements were performed at vari-
ous temperatures, water flow rates, and radiative frequencies. Figures 4-6 show the results, which confirm
the conclusions from the calculations. The largest noise extinction effect occurs at the resonant frequency
(Fig. 4) for hydrogen bubbles shrinking by chemical interaction with the sodium. When water was injected at
0.2 g/sec, the attenuation at 100 kHz was comparable with the effect obtained in the absence of the leak, while
the noise generated by the hydrogen bubbles did not produce an appreciable increase in the ultrasonic range.
The main increase in the noise level (up to 35 dB) was in the acoustic range up to 10 kHz (Fig. 5). As the leak

increases, the above saturation in the attenuation coefficient means that the noise increase predominates over
the damping effect (Fig. 6).

These studies therefore indicate that the decisive effect on the acoustic-wave speed in the sodium comes
from the change in compressibility arising from the formation of hydrogen bubbles when water enters the so-

dium. Experiment confirms that the products from the interaction of sodium with water affect the propagation
of acoustic noise in the steam-generator model.

The results show that it is necessary to simulate leaks of various sizes in testing acoustic systems for
monitoring industrial systems because the effects of noise generation and attenuation are difficult to predict.
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FEATURES OF THE BEHAVIOR OF THE BOUNDARY REGIONS
OF INTERCHANNEL PULSATIONS

V. N, Komyshnyi, Yu. N. Kornienko, UDC 621.039.553.34
B. I. Kulikov, V, M. Selivanov,

O. A. Sudnitsyn, V. I. Sharypin,

and A, N, Yarkin

The problem of defining the conditions for the stability of the coolant-flow parameters in a system of
parallel steam-generated channels still remains to be solved, despite the considerable amount of experimental w
and theoretical work that has gone into it [1-8]. The reason for this lies in the spate of new designs and con-
ditions of operation in modern power-reactor systems. This makes existing recommendations inadequate.
The theoretical models and computer programs [1-8] developed up to the present, used to estimate the re-
gions of stable operation of specific installations, have only been tested over a narrow range of operating
conditions, and this naturally limits their reliable use on a more general basis. To be specific, systematic
experiments have not been conducted into the region of small mass rates of flow (oW < 1000 kg/m2 - sec).
These are important for checking the reliability of the heat exchange at partial power levels in water-cooled
water-modulated [9] and hoiling-water reactors and are typicai for operating conditions involving natural cir-
culation of the coolant over wide variations in heat flow and pressure.

An experimental installation designed for such investigations included two parallel experimental sec-
tions united by imput and output manifolds. Each section consisted of inlet, vertical-heating, and riser sec-
tions. The inlet section is made out of a 1-m length of 14-mm-diameter tube with a 2~-mm wall, which was
used to replace a Venturi and turbine flowmeter. The heated part (a 20-mm tube with 2-mm walls) is fur-
nished with an unheated replaceable expulsion section, 12 mm in diameter. The outer tube is heated by ac at
mains frequency. The conductors are capable of being moved. In the present series of tests, the length of the
heated section is 1 m. The riser is made of 14-mm tube with a 2-mm wall, 1.5 m long. The inlets and outlets
of each of these sections have chambers.and unions for selecting pressure. The coolant used is distilled water.

The method of conducting the experiments in setting up the limits of the regions of interchannel pulsa-
tions in the pW —tjn plane consists in continuously varying the outlet temperature tjn, while keeping the mass
rate of flow pW, heat flow q, and pressure P constant. The upper and lower limits of interchannel pulsation
are determined in accordance with the start of the rise and damping of the amplitude of the ordered antiphase
oscillations in the flow rates in both channels. Under these circumstances, the total flow rate at the inlet to
the lower manifold remains constant. The temperature at the inlet to the lower manifold is varied by pre- ‘
heating in the range up to 25°C above saturation temperature at that pressure. The rate of change of t;, is
0.5-3°C/min. This proved to be minimal close to the conjectural boundary of the interchannel pulsation. Dud-
dell oscillographs were used for continuous monitoring of the parameters, together with a scanning monitor
system registering on a digital printer. The experiments were carried out in the following ranges of varia-
tions of the parameters: pressure 6.0, 12.0, 16.0 MP; heat flow 0.375, 0.5, 0.75 MW/m?; mass rates of flow
from 110 to 600 kg/(m?-sec).

The boundaries of the interchannel pulsation regions are shown in Figs. 1-4. The reproducibility of the
experimental points with continual passage through the boundary (according to the nature of the continuous var-
ation in tijp) was within 1°C. In order to pick out any possible influence of thermal inertia on the displacement
of the interchannel pulsation boundary, the tests were carried out with both a continuous rise and also a con-
tinuous fall in t;;,. The displacement of the interchannel pulsation curve produced in this way did not exceed
5°C at the lower limit of the value of a rate of flow being investigated, and tended to fall as the rate was
increased.

Translated from Atomnaya Energiya, Vol. 54, No. 3, pp. 173-175, March, 1983. Original article submitted
June 28, 1982, —
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Fig. 1. Boundaries of interchannel pulsation region at
P = 6.0 MPa; )q = 0.75 MW/m?% ————) q = 0.5
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Fig. 2. Boundaries of interchannel pulsation region at
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Fig. 3. Boundaries of interchannel pulsation region at

q = 0.5 MW/m?; )P =16.0 MPa;————) P = 12.0
MPa,
Fig. 4. Boundaries of interchannel pulsation region:
) P =12.0 MPa,q = 0.76 MW/m% ———=) P =16.0
| MPa, q = 0.75 MW/m? ——=) P = 16.0 MPa, q = 0.375 MW/m?,

Figures 1-4 show the existence of a range of values of mass rate of flow (0Wx < pW < pWiim) in which
the region of instability consists of two isolated zones. Taking into account the distribution of these zones, we
can consider these as being zones of pulsation in the low and high values of the outlet mass steam content X .
The authors of [5] divide these zones, referring to them as "first-order™ and "second order" pulsations. Ref-
erence [7] speaks out "primary" and "secondary" pulsatiéns in the band pWi < pW < pWyiy, is qualitatively dif-
ferent. The first case is characterized by the output from the heated section falling periodically to the satura-
tion temperature, while the temperature of the walls changes hardly at all. This variation is of a harmonic
nature. In the second case, the wall temperature pulsations have a sawtooth waveform and are of a crisis
nature. : '

An increase in the mass rate of flow leads to the start of a narrowing of both regions of pulsation, fol-
| lowed by their complete extinction at pWyjy,. An increase in the heat flow at constant pressure leads to a
| growth in pWy;,,, while an increase in pressure at constant heat flow leads to a reduction in pWijm (see Figs.
1, 3). A series of combinations of operating parameters in the low-value region of mass rate of flow enables
the limits of the union (pW ) of both pulsation zones to be clearly established. Under other conditions, such as
{ when point A' (see Figs. 1, 2) moves to the left, e.g., the growth (attenuation) of the oscillations in flow rate
were fairly insignificant, so that relating them to the boundaries of interchannel pulsation is not possible.

Figure 5 shows the boundaries of the region of first-order interchannel pulsation for pressures of 6.0
and 16.0 MPa in pW—Xgyt coordinates. At 6.0 MPa, the lower limit of the interchannel pulsation region lies
in the zone of negative Xout, which confirms the destabilizing role of boiling with underheating noted in [7].
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At pressure of 16.0 MPa, the lower limit of interchannel pulsation lies in zone Xoyt > 0. Here it is possible
that the contribution of boiling with underheat to interchannel pulsation is insignificant.

Since the results reported in the articles on the subject do not offer a generally accepted definition of
the degree of stability of the condition, as our factor defining-the degree of stability for subsequent analysis
we can take the distance from the operating point A to the boundary of interchannel pulsation in the chosen co-
ordinates. The effect of the operational parameter, subject to a given variation while the remaining parame-
ters remain fixed, will be taken as being stabilizing if this distance increases, and as being destabilizing if this
distance becomes smaller. Analysis of our experimental data indicates that the influence of the operational
parameters P, q, oW, and tj, on the operational stability will be insignificant for continuous variation. For
example, the operating condition corresponding to point A (see Fig. 1, P = 6.0 MPa, pW = 280 kg/ m?. sec), q =
0.5 MW/m?) is unstable, while point A' [pW=220kg/(m?- sec)]isstable. In this case, the reduction in pW is
the stabilizing factor corresponding to point A. For the case of point A', the destabilizing factor is both a re-
duction and an increase in the mass rate of flow, i.e., the influence of the mass rate of flow is insignificant.
The same figure also shows cross hatched the part of the region of interchannel pulsation that changes to a
stable condition with an increase in heat flow from 0.5 to 0.75 MW/m?; in this case, the influence of heat flow
stabilizes the system. Figure 2 shows cross hatched the region of interchannel pulsation that changes into a
stable region with a reduction of pressure to 6 MPa, i.e., a reduction in pressure is the stabilizing factor. We
can see from Figs. 1-4 that conditions exist for which a reduction in heat flow and an increase of flow and pres-
sure are stabilizing factors. These results do not contradict the experimental data regarding interchannel
pulsation boundaries [7, 8].

Reference [7] estimates the influence of the operational parameters on the stability of the system from
the variation in the total area of the interchannel pulsation regions in pW—t;j, coordinates or, more roughly,
the region of stability is defined as the semiplane in which pW = pWjjy,. Inthis case, the stability of a specific
condition (or even a region of operating conditions) remains an open question, together with the degree of prox-
imity of the conditions to the boundary of the interchannel pulsation region.

Consequently, the influences (stabilizing or destabilizing) of each of the operational parameters (pres-
sure, mass rate of flow, heat flow, and inlet temperature) are also single-valuedly defined by the position of
the operating point relative to the region of interchannel pulsation. We can see from this that the position set
out in the standard method of hydraulic design for a boiler plant [10] is not universally applicable.
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ASYMPTOTIC EXPANSION OF THE SOLUTION OF KINETIC
EQUATIONS FOR SLOWLY VARYING REACTIVITY

A. A. Shepelenko UDC 621.039.51

The dynamics of systems including a nuclear reactor as the object of control are often investigated by
means of a computational experiment. The known algorithms [1, 2] provide rapid solution of the Cauchy prob-
lem on modern computers for the kinetic equations of the reactor, which form part of the mathematical model
of the system. However, the efficiency of the experiment is determined mainly by the possibilities of organ-
izing a series of variant calculations and ordering the results obtained in a form allowing purposeful optimi-
zation of the given system to be performed. The efficiency of computational experiments may be increased
by the rational use, for their organization, of analytical solutions that sufficiently completely reflect the kinetic
properties of the reactor. However, accurate solutions are known for a limited range of functional dependences
of the reactivity on the time and take a form that make it difficult to find numerical results [1, 2]. Approxi-
mate solutions [3, 4] obtained by the WKBJ method only take account of one group of delayed neutrons, which
is inadequate for description of the kinetics in the region between the critical values for delayed and instan-
taneous neutrons. The solution of [5] constructed by heuristic means does not have rigorous estimates of the
character of the approximation and its accuracy.

In the present work, the method of asymptotic resolution of the system of differential equations [6] is
used to construct an approximate solution of the kinetic equations of a point reactor (without constraints on the
number of groups of delayed neutrons) for slowly varying reactivity in the form of asymptotic series. The for-
mally slow rate of change in the reactivity corresponds to the "slow time" 7 = ot (a is a small parameter and
t is ordinary time) as the argument of the reactivity r = r (7). The pararheter a is only necessary in the pro-
cess of constructing the asymptotic expansion when « — 0; @ = 1 must be assumed in the final result.

For the well-known kinetic equations

dx/dt:Az—l—Q; e= AP y} by =1;

i

n et (r—1)etbeb,. ..
o O R SR
. .. Y e | o
- ¢

(here A and B are the generation time of the instantaneous neutrons and the total proportion of delayed neu-
trons; n, neutron density; A;, s‘lhi'lbihi, and by, decay constant, density of precursors, and relative proportion
of delayed neutrons of the i-th group; and £'q, external neutron source), the matrix G = [lgjjll is also found, as
well as the diagonal matrix D and the vector S, so that the solution of Eq. (1) may be written in the form
dz (2)
z=VGz; E=Dz+S,

Translated from Atomnaya I:Znergiya, Vol. 54,No. 3, pp. 175-177, March, 1983. Original article submitted
August 5, 1982. '
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where V = || vij lisa nonspecific matrix reducing matrix A to the diagonal form P = V~!AV, The elements
of the principal diagonal of matrix P are the roots py of the characteristic equation of matrix A

r=pp [8+; b; (pr M)t (3)

Substituting Eq. (2) into Eq. (1) and equating the coefficients with the vectors z° and z!, we obtain the matrix
identity

G\ _, dv (4)
PG=GD+a (CO+47); €=Vt
GS =0, ®=V"1Q, ' (5)
which should satisfy the desired matrices C and D and the vector S. If the expansion
G = S_] a™G,,; D= 2 amD,,; S= SJ ams,, ‘ . (6)
m=0 m=0 =0

is substituted into Egs. (4) and (5), and then terms with the same power of « are isolated, an infinite system
of equations is obtained for determining the unknown elements of the expansions in Eq. (6). The initial ele-
ments of the expansions making the main contribution to the asymptote satisfy the equations ‘

PGy—G,D,=0 and G,S,=. _ g (7)
It follows from Eq. (7) that G is an arbitrary diagonal matrix which may expedlently be taken as unity; D, =

P; § = &; the other elements of the expansions are found from the equations °

m-1 ’ ’
Gm—
PG,,—GnP =Dy + D) G,-D,,,_J-A—CG,,I;,—,LddT K o (8)

i=1

m

Sm+j§GjSm-—j=01 m>1_ (9)

Explicit expressions for the matrix V and its inverse W = V™!, necessary for the explicit representa-
tion of the solution, taking account of the identities following from Eq. (3) and in particular for the derivatives

pk=dpp/dr=le+ > bA; (pn+ 221

@ pr =€ E (Pr 42 ph = 0;
i1

(10)
MM (DA M) (pr gy pr =0 or 1
it
(0 when i 5% jand 1 when i = j)
may be obtained in the form
. . 11
vy = (epi)t'E; v, ‘7"1 VAo ey (1 222); (1)
Wiy == (€p) 135w, =e  (pr+ A ) e (32 (12)
Turning to Eqs. (8) and (9), expressions are given for the first-order corrections: D; = 0 since the
matrix C = || ¢jjll is skew symmetric, in view of Egs. (11) and (12); q4j = 0; Qi = (py=pj ey G = §); 8y =
-G
What is mainly of practical importance is the expression for the neutron den81ty determined by the
prmc1pal term of the asymptote,
t 't ‘l -
n= PO {1 o) exp | pic @ 08 + L 193 @12 @ exp | pa ) a8} ; (13)
h {o to S :

fe= [8.'1 + 200 (pr 4 Ay by (pr)'/%;

Je@—>Tulty) a8 t—ty-+0.
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As would be expected, Eq. (13) coincides {(apart from differences in notation) with the accurate solution in the

case of constant reactivity [1, 2]. In the absence of an external source and with the special initial conditions

hji =Aj(p + )xi)‘in, where p = p, is the largest root of Eq. (3) —this case corresponds to exponential decay with

a constant period p'1 — Eq. (13) coincides with the solution of [5]. In this case, it follows from Eqg. (3) that

fx = 0 with k = 2, 3, ..., and in Eq. (13) there only remains the first term, in which f; = n (p')'1/2. Note that

if we obtain the correct formula rn = —q (t — + <) describing equilibrium with a source at constantq # 0 and

r < 0, all the terms in Eq. (13) must be taken into account, and the identity }'_jp‘,ﬁp,{ = r71, following from Eq. (3)
A

must be used. In the case of variable reactivity, Eq. (13) looks especially simple in time intervals with a con~
stant rate of change in reactivity, when the exponents in Eq. (13) are determined by the integrals

r

Spk (0)dp=(r—1) pr— Py +Pr ©)

']

LX) Ay M
Fg A0+ bk pTeT

With increasing distance from the initial state, when the term corresponding to the largest root p comes

- to predominate in Eq. (13), it is expedient not only to have the integral form of Eq. (13), but also to use the

differential expression following from Eq, (13) for the instantaneous inverse period of the reactor

_y dn 1, -y dr
=P ()
and to study the reactor dynamics in the reactivity phase plane.

LITERATURE CITED

1. G. Flett, in: Computational Methods in Reactor Physics [in Russian], Atomizdat, Moscow (1972), p. 277.
D. Khetrik, Dynamics of Nuclear Reactors [in Russian], Atomizdat, Moscow (1975).

3. E. Koen, in: Prbceedings of the Second Geneva Conference. Selected Papers of Foreign Scientists, Vol.
ITI, Physics of Nuclear Reactors [in Russian], Atomizdat, Moscow (1959), p. 549.

4, S. Tan, Nucleonik, 8, No. 7, 480 (1966).

5. H. Hurwitz, Nucleonics, 5, No. 1, 61 (1949).

6. 3. F. Feshchenko, N. L. Shkil', and L. D. Nikolenko, Asymptotic Methods in the Theory of Linear Differ-
ential Equations [in Russian], Naukova Dumka, Kiev (1966).

183

Declassified and Approved For Release 2013/02/06 : CIA-RDP10-02196R000300020003-7




Declassified and Approved For Release 2013/02/06 : CIA-RDP10-02196R000300020003-7

REVERSIBLE REDUCTION IN THE SHEAR MODULI OF TRON ALLOYS
DURING IRRADIATION

E. U. Grinik and V. S. Karasev - UDC 621.039.531 : 539.67

At present we have not finally established the mechanisms responsible for the behavior of materials un-
der irradiation, particularly at high neutron fluences. Often, the initial stages of irradiation play the decisive
part in the development of radiation damage, as a defect structure is then produced whose subsequent evolu-
tion determines the radiation resistance. In some cases, internal-friction measurement provides valuable
information on the behavior of the material during irradiation, which is not available in any other way.

The internal-friction method has been applied with an apparatus in a reactor channel [1] to examine the
effects of neutron irradiation on the temperature dependence of the shear modulus for an iron‘alloy. The spe-
cimens were made from wire of diameter 1 mm with a length of 50 mm for the working part. We examined
the following specimens: polycrystalline iron made by electron-beam melting of purity 99.99%, specimens of
alloys Fe—''B and Fe~!"B with boron contents of 0.001 and 0.003 mass % correspondingly, and single-crystal
Fe—Si specimens with silicon contents of 3.0 mass %. The initial materials for producing the Fe—''B and
Fe—!"B specimens were electron-beam iron of purity 99.99% and crystalline boron with an impurity content
of about 3%. The Fe—B products contained the following impurities: C = 0.006 mass %; Mn =< 0.01 mass %;
Si =0.025 mass %. '

Before the specimens were loaded into the reactor, each was mounted in a measurement ampul and
was annealed in a prototype materials-testing channel at 800°C for 1 h under a vacuum of about 13 MPa, after
which the initial temperature dependence of the shear modulus was determined. The resonant frequencies of
the speci;nens were in the range 5-8 Hz. The amplitude of the relative deformation at the surface was kept
at 5-107°,

The irradiation temperature at a reactor power level of 10 MW was (350 + 20)°C, while the fast-neutron
flux density at the specimen was about 10'* neutrons/(cm?- sec) at E= 0,1 MeV. Periodically, as the fluence
increased, we determined the temperature dependence of the shear modulus: during irradiation at 350-700°C
and with the reactor not working at 60-700°C. ‘

In these measurements on the Fe, Fe—!B, Fe—!'B, and Fe—Si specimens it was found that the shear
modulus in the temperature range (0.25-0.5)Typ during irradiation was much lower than before and after it.
Figure 1 shows that the reduction in the modulus is reversible and occurs only during neutron irradiation,

The effect was examined up to fluences of about 10% neutrons/cm?, The maximum reduction in the modulus by
the reactor irradiation was about 10% (Fig. 2). A similar effect has been observed previously [2, 3] for nickel
and iron specimens. '

The shear modulus Gp can be put in the form
G,=G—AG,, 1)

where G is the value for an unirradiated specimen, and AGp is the change in the modulus produced by th
irradiation, o

The shear modulus of an irradiated specimen is usually higher than the initial value [4], whereas Fig. 1
shows that it is below the initial value on neutron irradiation. Therefore, AGp can be put in the following form
(Fig. 1a) for specimens irradiated to a given fluence:

AG,=AGIes—AGY, (@)

Translated from Atomnaya Fnergiya,Vol. 54, No. 3, pp. 177-179, March, 1983. Original article submitted
April 16, 1982. ‘ ’
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TABLE 1. Experimental Values of the Coeffi-
cients A and B in (3) for the Temperature De~
pendence of the Reversible Reduction in Shear
Modulus for Various Neutron Fluences

Neutro{l ﬂ,u- P

Specimen | ence, 10 A,MPa/°K B, °K
neutrons/cm?

Fe 0,2 4.5 630
Fe 0,6 39 630
Fe 1,9 33,4 630
Fe—11B 1,0 57,9 620
Fe-—11B 5,0 36,7 580
Fe—1'R 0,6 68,2 580
Fe —10B 1,0 27,8 540
Fe—Si 0,4 25 660

where L\Gges, AGII:,'eV are the irreversible or residual and reversible parts of the radiation-induced change.
Usually, the change in modulus for a previously irradiated material is ascribed to the fixing of dislocations
by radiation defects, and then AG{)eS > 0 [4-6].

We now consider the reversible reduction during neutron irradiation. At the temperatures of the grain-
boundary maxima in the internal friction there is considerable relaxation in the shear modulus [7]. However,
the observed effect cannot be explained by accentuated grain-boundary relaxation, since experiment shows that
the maximum value of AGE®Y in these materials is attained at a temperature at which grain-boundary relaxa-
tion has not yet set in (Fig. 2a). Also, experiments were made with a single crystal of silicon iron. The tem-
perature dependence of the reversible modulus reduction differed little from the analogous relationship for
polycrystalline iron specimens (Fig. 2b), which confirms that the reversible reduction under irradiation is not
related to grain-boundary relaxation. Final confirmation of the effect was provided by experiments on the
Fe—!'B, Fe—'"B specimens. The experiments showed that the boron has a marked effect on grain-boundary
relaxation: Thetemperature of the grain-boundary maximum in the internal friction alters from 630°C for
pure iron specimens to 530°C for specimens containing boron. Figures 2c,'d show that the boron has virtually
no effect on the reversible part of the radiation reduction.

The appreciable reversible reduction in the modulus cannot be explained by increase in the point-defect
concentration during neutron irradiation, because an increase in the vacancy concentration by 1% reduces the
modulus by 1%, while an increase in the interstitial-atom concentration raises the modulus [6].

Since AGgeV is independent of the neutron-flux density, the change in AGp®Y for nickel was ascribed [3]
to preferential diffusion of interstitial atoms to mobile dislocations. Then an expression of the following form
was obtained for the rising branch of the temperature dependence

AGreV=- — A(T—B), (3)

where Tis specimen temperature and A and B are coefficients that are dependent in a complicated way on the
rate of production of displacements, the flux density, and the fluence.

The experimental data (Fig. 2) show that at (0.25-0.4) Ty p the rising branches of the temperature depen-
dence of AGgeV are actually described by expressions of the form of (3), while A and B have the values given
in Table 1.

Table 1 shows that the values of A and B for iron and its alloys in this fluence range are 27-70 MPa/degK,
correspondingly. At T = (0.4-0.5)Typ there is a reduction in AGE®Y, which may be explained by an increased
influx of vacancies into the dislocation—displacement zone,
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MECHANISM OF THE TUBULAR DIFFUSION OF HELIUM

A, V. Subbotin : . UDC 621.039.633

An interesting feature of pore development in the annealing of pure metals preliminarily irradiated with
helium is the markedly increased mean pore size at dislocations [1]. This phenomenon may be explained by
tubular diffusion of helium atoms in the pores.

In fact, in conditions of prolonged annealing, the solution of vacancies in the lattice is in equilibrium with
the dislocations, and hence the chemical potential of the vacancies is zero. In consequence, in the absence of
helium, the pores are in conditions of solution (infinitely large critical dimension), regardless of their posi-
tions with respect to the dislocations. In the presence of helium in the lattice, however, its admission into
the pores is a stimulatory cause of their development. In this case the pore position with respect to the dis-
locations is significant — the contribution of the tubular-diffusion mechanism of helium considerably increases
its intake into the pores at dislocations.

It is known that the vicinity of the dislocation core is characterized by elevated mobility of point defects,
impurity atoms, and gas in the direction along the line of the dislocation [2]. The energy of migration along the
dislocation lines, according to the estimate of [3], is approximately half the energy of migration in the unper-
turbed lattice.

With regard to motion in the direction normal to the dislocations, these regions are characterized by
considerably smaller mobility of the diffusing agent and, in addition, may be separated from the unperturbed
lattice by a small potential barrier [4]. This difference in the absolute values and symmetry of mobility for
a regular lattice and the regions adjacent to dislocations leads to the appearance of the tubular-diffusion
mechanism: The diffusing atoms incident in the region adjacent to a dislocation are held there to a certain ex-
tent by the potential barrier and migrate with increased velocity along the dislocation. The path of the diffus-
ing atom along the dislocation may amount to many thousands of lattice constants before the atom returns to
the unperturbed lattice. If the chemical potential of the diffusing atom is changed here (e.g., the dislocation
leaves the surface, or intersects apore), there arises a direction flux along the dislocation line sustained by
the influx of atoms from the lattice to the dislocation.

In experiments on the annealing of samples preliminarily irradiated with helium, the pores exist in a
two-component solution of vacancies (of concentration Cy) and helium atoms (of concentration Cg). The de~
velopment of a pore consisting of n(t) vacancies and x(t) helium atoms at time t is expediently considered in
the plane (n, x) [5] (Fig. 1) with the equations of motion

i;,Tl:3(%;21)2/3#,3[)‘, [CV—CvOexp(%Evﬂ"”ﬂ%”’ 1)
(25),=5 ()" w160
(2)
Ev=4n {\LZ%)WTET—’

where Dg and Dy are the diffusion coefficients of helium and vacancies, respectively; Cge (x, n), equilibrium
helium concentration at the boundary of a pore with n vacancies and x helium atoms [6]; Cvy, thermal-equilib-
rium concentration of vacancies; o, pore surface energy; and @, elementary volumé,

Translated from Atomnaya fhergiya,Vol. 54,No. 3, pp. 179~183, March, 1983. Original article submitted
May 28, 1982.

0038-531X/83/5403-0187$07.50 © 1983 Plenum Publishing Corporation 187

Declassified and Approved For Release 2013/02/06 : CIA-RDP10-02196R000300020003-7




Declassified and Approved For Release 2013/02/06 : CIA-RDP10-02196R000300020003-7

=0

0 . - n
Fig. 1

Fig. 2

Fig. 1. Diagram of helium-pore development. The lines with arrows are the tra-
jectories of motion (development) of pores; n = 0 corresponds to the trajectory
x = (2/3)¢yn?/>.

Fig. 2. Pores N—1, N, and N + 1 connected by dislocational segments of length
1y and 1,; CgeN-1, CgeN» CgeN +1 are the equilibrium helium concentrations at the
pore boundaries.

Since it is always the case that DyCy > DgCg [5], pore development in experiments on annealing char-
acterized by the condition Cy ~ Cy, is only possible close to trajectories n = 0 of the form [7]

(3)

=L,
In other words, a determining factor in pore development is the rate of helium admission into the pore, i.e.,
dn nt/? dz
= ( )v '

qat T4 a
g &v

(4)

For pores in unperturbed regions of the lattice, the determining factor is the rate of outflow of helium
from the volume. Pores at dislocations absorb helium by two means: from the volume — Eq. (2); and by tubu-
lar diffusion. If the helium flux into the pore determined by tubular diffusion is denoted by 2Jp, the expres-
sion for the growth rate of a pore at a dislocation may be written in the form

2o [(%), 40, | ®
9§V

Tubular Diffusion. The flux of gas atoms into the pore N due to the tubular-diffusion mechanism is now
determined, considering the segment of dislocations joining pores N and N + 1 as a tube of length /; and radius
ry ~ 2b, where b is the Burgers vector (Fig. 2). Two diffusion coefficients are introduced for the region of the
dislocation tube: longitudinal D, = Dy, exp ("EF/KT) and transverse D, = DPoeXp « E},n/k’I), (Dz > Dg 5 Dp.
In the discussion, account is taken of the energy barrier Ep, for the gas atoms returning to the volume and also
of the energy of the dilatational interaction of the helium atom with the dislocation [8] in regions outside the
dislocational tube (0 = r)

L sin®

E (o, 8) =kT A ACE Y (6)
p Y

T Bn(d—v)kT?

where u is the shear modulus; v, Poisson's ratio; AQ, dilatational volume produced by the helium atom; ¢,
angle measured from the slip plane of the dislocation; and p, distance from the center of the dislocational
core (P = ry).

The closed system of equations allowing the flux of helium atoms into the pore Jp to be determined con-
sists of Egs. (7) and (8) for the gas concentration in the volume Cy (z, o, ¥ ) andin the tube C (z, p, &), the cor-
relational conditions between them in Eqgs. (9) and (10), and the boundary conditions in Eqgs. (11)-(13)

ACg 4 VEVCy =0, (7
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In the quasisteady case considered, the flux through the tube boundary must be continuous, and hence

DgC ac
g £ (VMELD) p=r0+0=Dp—aE p=ro—0’ (9)
where ug =kTIn Cg/CO + E is the chemical potential of the helium atom in the lattice; C,, thermal-equilib-
rium concentration of helium; and ip, unit vector in the direction of p.

The amount of gas passing through the side surface of the dislocational tube from the volume should be
equal (taking account of emission into the volume) to the amount of gas passing through the end (z = 0, [,)
cross sections of the tube into pores N and N + 1, i.e.

2 1, D 27 1, o ac (1 0)
To S V Y (Vp-g p)|n—r»+0 didz = g SDZ [—az im0 " 0 ot ] o dp d9.
00 0 0 ) -

The boundary condition determining the concentration C, far from the tube (p = Ly), where Lq is half
~ the mean distance between dislocations (Lq = ng™'/%; nq is the dislocation density), under the assumption that
the position of the gas pores at dislocations weakly influences Cglz, Ly, ¥), takes the form

Cg (2, ) O)p=ry = Z'g' (11)

Since equilibrium values of the gas-atom concentrations C, . and C geN + 1 are maintained at the sur-
face of pores N and N + 1, the chemical potential at the pore sur? ace is constant Equating the expressions for
g at the external surface of the dislocational tube when z = 0, I; to the corresponding expressions for the .
chemical potential of the pore surface far from the point of intersection with the dislocational tube (E = 0),
two boundary conditions are obtained:

z ? . 12

Co (2, 0, Mz =Cpenexp I' (ro ) 'I (12)
p=ro+0 .

I . E(T s ,&) (13)

The system in Eqgs. (7)-(13) may be solved very simply if it is taken into account that the length of the
helium-atom discontinuity in the lattice is comparable with the dimensions of the dislocational-tube cross sec-
tion. Therefore, the distribution of gas atoms over the tube cross section may be regarded as uniform, and
C(z) may be considered rather than C (z, p, ¥), In turn, this allows the system in Egs. (7)-(13) to be
reformulated, determining the helium_flux density in the dislocational tube and from it, and introducing them
in the form of sources uniformly distributed over the tube cross section in Eq. (8). In addition, it is necessary
to determine the boundary conditions at the ends of the tube (z = 0, I;), using Eqgs. (9), (12), and (13).

Consider the process in which a helium atom leaves the tube. The flux density takes the form
j (2, 1o, ) =C () vry e.\-p[ Z(ry® ) Lb’J, (14)
where v = 4Dp/r§ is the frequency at which helium atoms in the tube approach its surface. Then the flux through
the side surface of the tube per unit length

2%
Ji=ro{1(z roy ®) a8 =2,D,C (2),
0

(15)

where Zp = 87l (L/rg) exp (—Ep/kT); [ (L/r() is a Bessel function with an imaginary argument.

To determine the flux J, from the volume into the tube, it is expedient to consider Eq. (7) with the bound-
ary condition in Eq. (11) and the second boundary condition — the concentration at the external surface C (z, )
determined by the "transmission capability” of the dislocational tube. If C (p, z, #) for p = ry is written in the
form of a superposition of the two concentrations C, (p, z, 3) + Cy (p, z, ¥) satlsfymg Eq. (7) and the boundary
conditions

C(0s 2 Nlp=r=0; Cy(p, 2, ¥ ]pr,ro=C (2, 0); (16)
Colpr 20 Nperg=C;  C2(pr 2 Mlprnio =0, (17)
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it may readily be established that the solution for C; gives Eq. (15) for the flux density from the dislocational
tube, while the conditions formulated for C, are identical to the formulation of the problem on the flux of point
defects to the dislocation in the case of the diffusionally controlled absorption mechanism.

Following {9], the expression for the gas-atom flux from the volume to the tube disregarding the inverse
flow determined above — see Eq. (15) —may be written in the form

Jo=Z4D,Cy, (18)

where

anly(L2rg)
Ko (LI2Lg) Iy (Li2ry)— Ko (L[2ry) Iy (Lf2L4)

Zg=

Now, on the basis of Egs. (15) and (18) and also Eq. (8), a reformulated equation‘ is written for the he-
lium concentration in the dislocational tube:

& ZpD 24Dy = _ (19
g 00— 2p- € @+ 155 Ce =0 )

It follows from Eq. (15) that the diffusional-displacement length of the helium atom in the tube takes the form

] __‘/nr%,l)Z _ T D, exp (Ey/aT) (20)
A ZpDy 2 Dy 214 (Liry) .

Considering the flux of gas'a'toms leaving the tube through the side surfaces in the vicinity of the ends
(z = 0, I;) taking account of the continuity condition in Eq. (9), boundary conditions for-Eq. (19) may be ob-
tained. The expression for the flux from the tube takes the form in Eq. (15). The expression for the flux out-
side the tube may be obtained from Eq. (7) with the boundary condition in Eq. (12) or (13) at the internal bound-
ary of the region (p = r; + 0) and a zero boundary condition for p = Lg. The resulting expression differs from
Eq. (18) only in that é—g is replaced by CgeN or CgeN +1. Comparison of the flixes gives the required bound-

ary conditions /
| (21)
ZaD
C (2)|2=0 = Z:DZ CgeN?
Z4D
_ c (Z)IZ=I|:ﬁ;CgeN+1- (22)

Solution of Eq. (19) together with the boundary conditions in Egs. (21), (22) allows the gas distribution in-
side the dislocational tube to be obtained:

’ ZdD - l e h z/lt) ZdD = ZdD —_
c (Z) = ZpDi [(Cg - CgeN) ch ([—i) - (CE - CgeNH)] _:h_((ll-_/lr—) - ZPDZ (Cg - CgeN) ch (_lz?) + Z—-_pDi Cg~ (23)

Using Eqs. (23) and (10), the flux of gas atoms from the dislocational tubes into pore N is found:

Dg (Cg—Cgen) ch (li/le)— (Cg— Cronsy) (24)

Tp=2uls 5 —— “sh (1,/15)

Consider I., expressing D, and D, in terms of the corresponding migration energies; L/r, is esti-
mated using the parameters known for nickel [10]: 4 = 0.94°10'2 dyn/cm® (0.94°10'! Pa) and » = 0.28 for
AQ ~Q. At temperatures of ~ 800-1100°K, it is found that L/r, > 1, which allows the asymptotic expansion
to be used for I, (L/ry) and I; to be written in the form

re T L VW /Dy
k=3[ ]V g
EP—EM—E, [ (25)
L
X exp ( - 2kT - ﬂ) :

The expression for the helium-atom flux into the pore from the dislocational tube in Eq. (14) may use-
fully be considered in two limiting cases: l;/I; «1and lyly » 1,

" In the first case . _ (26)

J})=Zd (_21‘) Dg (Cg'— CgeN)‘E‘Zdlng (CgeA’+l_CgeN)'

The first term on the right-hand side indicates that all the gas atoms absorbed by the dislocational tube

from the volume enter a pore. The second term reflects the existence of strong diffusional interaction between
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the pores coupled by the dislocational tube, as a result of which the large pore should absorb gas from the
small pore. In fact, using [6], and also Eq. (3), it may readily be established that Cge (x, n) falls with increase
in pore size and hence the second term in Eq. (26) is larger than zero in the case when pore N + 1 is smaller
than pore N, the flux into which is also determined by Jp. Note that different mechanisms of helium migra-
tion in the lattice exist; some of these evidently lead to an extremely high value of I;.

In the second case (I 1/l; <« 1)
Jp =2Z41.D, (Eg_ CgeN)v ' ‘ (27)

i.e., the only gas atoms entering the pore are those captured by the dislocational tube at distances from the
pore of Ir or less. In the middle part of the dislocation, dynamic equilibrium is established between the gas
atoms which are absorbed and those emitted into the lattice. In this case the interaction between the pores is
negligibly small. '

tions, the relation 2n = (4/3)7R3 is used and, substituting Eqgs. (26) and (27) into Eq. (5), expressions are ob-
tained for the rate of pore growth in two limiting cases. Note here that the fluxes into pore N from two dis-
locational tubes are taken into account (see Fig. 2):

dr 3 (kT 1 : =
=71 (5a) [+ rpzan ) Pe Co— Cuen)
Iy
L (28)
dR 3 (KT \ [ L+l - = I+
dt T & (Rz_) {I1 11w 11‘1(2Ld/L)J Dy (Ce—Cen) +2H’1n(‘lLd/L) Dg (Coenss + CﬂeN-i"cheN)_} ’
Iy

It follows from Eqgs. (28) and (29) that the tubular-diffusion mechanism becomes determining in pore develop-
ment under the condition I+/R *In(2Lq/L) > 1 for the case I;/I <« 1 and the condition (I, + 1,)/4R In (2L4/L) > 1
for the case I1/1 > 1. The corresponding expressions for the pore growth take the form

dR 3 4 kT Is Dy = Iy . (30)
=7 (o0 ) menm 7 Ce—Cren), < 1;
dR _ 3 (kT L+l Pr = 3 (kT I Dy
r (E) 4 ln‘(2Ld/L) R (Ce—Ceen) +7 (?ﬁ) 21n(2Ld/L)T(CgeN+1+ Cren-1—2Cgey), (31)
: 3

’l—‘>>1.

In considering pore kinetics in the later stages (fg ~ Cge), in view of the condition /7 /I > 1, only the
last term remains in Eq, (31):

aR 3.0 kT It

3. Dy (32
ETNZ‘(T{Q) 2In(2Ld/L)T (Cgezv+1+cge'1v-1—2cge1v), )

Influence of the Tubular-Diffusion Mechanism on Pore Growth. In considering pore growth at disloca-
|
and hence the interaction between neighboring pores will be the main mechanism of pore development.

In contrast to the well-known cases of kinetics in the later stages, in the volume, or in a plane, when a
critical dimension that is the same for the whole ensemble of developing particles exists in the system [7,
11-13], it follows from Eq. (32) that the critical size of each pore is determined by the dimensions of the two
neighboring pores. This must obviously lead to a significant difference between the laws of development of pore
ensembles at an arbitrarily chosen dislocation and in an unperturbed lattice.

CONCLUSIONS

The observation of differences in pore development at dislocations and in the volume of the lattice evi-
dently allows definite information to be obtained on the mechanism of helium-ion migration. In fact, it follows
from Egs. (30), (32) that the growth of pores at dislocation depends cardinally on l7. According to Eq. (25),

I7,in turn, is extremely sensitive to the migration energy and the binding energy, which depend directly on the
mechanism of helium migration.
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As an illustration of this, assume that the migration of helium occurs over interstitial positions both in the
lattice and in the dislocational tube. This case corresponds to a migration energy EM™ ~ 0.08 eV [14] and

AR ~ 2. The binding energy of the helium atom with the edge of the dislocation should be somewhat less than
the binding energy with a vacancy [14]; assume that Ep = 1 eV. In this case, Eq. (25) gives I ~ b, and hence
the contribution of tubular diffusion in the migration of helium over interstitial positions is negligibly small;
consequently, the pores must develop in the same way, regardless of whether they are in a volume or at dis-
locations. At the same time, the considerable differences noted in [1] between the mean pore sizes at disloca~
tions and in the volume evidently permit the conclusion that the mechanism of helium migration over inter-
stitial positions is not the main mechanism.

It remains to thank Yu. N. Sokurskii and G. A, Arutyunova for fruitful discussions.

LITERATURE CITED

1. G. Arutiunova (Arutyunova) et al., J, Nucl, Mater,, 110, No. 1, 65 (1982).
2. P. Shewmon, Diffusion in Solids, MeGraw-Hill, New York (1963).

3. J. Lothe, J. Appl. Phys., 31, 1077 (1960).

4. A. Mortlock, Acta Met., 8, 132 (1960).

5. K. Russell, Acta Met., 26, 1615 (1978).

6. K. Russell, Acta Met., 20, 899 (1972).

7. V.V.Slezov and Z. K. Saralidze, Fiz. Tverd. Tela, 7, No. 6, 1605 (1965).
8. P, Heald and M. Speight, Acta Met., 1380 (1975).

9. I G. Margelashvili and Z. K. Saralidze, Fiz. Tverd. Tela, 15, No. 9, 2665 (1973).
10. R. Johnson, Philos. Mag., 16, 553 (1967).
11. I.M. Lifshits and V. V. Slezov, Zh. Eksp. Teor. Fiz., 35, 479 (1958).

12. L. P. Semenov, At. Energ., 15, No. 5, 404 (1963).
13. A. V. Subbotin, At. Energ., 43, No. 2, 100 (1977).
14. D, Reed, Rad. Effects, 31, 129 (1977).

ATOMIZATION OF GOLD TARGETS BY FISSION FRAGMENTS

I. A, Baranov and V., V. Obnorski . UDC 537.226: 539.173

Analysis of experimental data on atomization of materials by heavy multiply charged ions (fission frag-
ments) [1, 2] showed that the atomization factors S assume values from ~10to ~ 5- 10* atoms/fragment and
greatly depend on the structure of the surface layers of the target and the average energy of the fission frag-
ments. Of all the characteristics, in this case the most important are the size distribution of the grains of the
material in the surface layers, the film thickness, and the porosity of the targets, i.e., all factors that can give
rise to a size effect. In addition, the energy dependence of S for fine-grained nonconducting materials [3] per-
mitted reliably establishing that for large S atomization occurs due to ionization losses by the heavy multiply
charged ions (fission fragments).

.Based on the role of fine grains in the formation of surface tracks from fission fragments in thin metal-
lic films [4], as well as on data in [3], we proposed [5] (see also [2]) an analytic expression for determining the
coefficients of the atomization of fine-grained targets by heavy multiply charged ions such as fission frag-
ments due to ionization loss (dE/dX)e:

. Z Rf; (1 —11n9) : ‘ 1)
a1 =z N ———.

Here N is the number of atoms per unit volume; fj, number of grains with radius Rj on the irradiated surface
with area A; (1—1/n}) = P;, probability of atomization of a grain with radius Rj; and

n; = (dE[dx)/(AE[dT)g, min, i»

Translated from Atomnaya Fnergiya, Vol. 54, No. 3,pp. 184-188, March, 1983. Original article submitted
May 24, 1982.
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TA BLE 1, Coeffibienté of Atomization of Gold Targets by Heavy Multiply Charged
‘lons — Fission Fragments with Energies 45-65 MeV; (dE/dx)e = 24 keV/nm

g :
TS | B x
3] > 8
O o 9 S —~
b ® o 8
% = 8 = Q )
5 — o % pi = o=}
\ £ 3 5 2 o & 39
ER o5 = E s S
- m | a2 g & & &
Target characteristic §’ Q 02 . . &
5 o 9 o . o .
[oWke] = o wom &
£ 83 o g ag
S | 2% 5 55
O & A & w W ®
Foil with thickness 20 um [6] - - No. 1, No. 2,
5112 155
Continuous layer with thickness 0.7 um| 1400 2 Neo. 3, No. 4,
‘ 7018 8+3
Flat islands with dimensions 0.1 um 60 9 - No. 5,
and thickness 90 nm (see Fig. 1) 10+4
- 15 10 - (33)
Spherical islands — grains with di- ‘ ' No. 6,
ameter ~ 30-50 nm; single grains . 42+3
with diameter ~ 10~20 nhm are (60)
present (see Fig. 2) ‘ 60 8 No. 7, -
Discontinuous layer with variable 1300250
thickness 10-60 nm (see Fig. 3) | (2100)
10 1.5 12.5 -No. 8, -
Spherical islands — grains with di- _ 4000+600
ameter 4.5-7.5 nm (seé Fig. 4) (12000)
S 3 12.5 No. 9, . -
Spherical islands = grains with di~ : - 11000%2000 |
ameter 10-20 nm (see Fig. 5) (5500)

Remark, Targets Nos. 3-9 were prepared by thermal sputtering in a vacuum. The
values of Sexp’ obtained by rescaling for the total target area, are shown in paren-
theses.

..... Siadd 7 £ i N
Fig. 1. Heated flat islands of gold _ Fig, 2. Heated islands of gold with di~
with thickness ~ 90 nm, target No. 5. ameter 30-50 nm (single grains with

smaller sizes are visible), target No, 6.

where (dE/dX)e,min,i is the minimum value of the ionization deceleration capability, with which the heavy
multiply-charged ion, passing by at the diameter of the grain, liberates energy sufficient to atomize the grain
into separate atoms. In addition, we assumed that grains of appropriate sizes (d < 20 nm) are atomized due to
ionization by a fission fragment either completely or not at all, i.e., partial atomization of grains does not oc-
cur. This inducates the existence of an energy threshold for atomization, which depends on the radius of the
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O

Fig. 3 Fig. 4

Fig. 3. Discontinuous gold layer with.variable thickness from ~ 10 to~ 60 nm, tar-
get No. 7. .

Fig. 4. Gold grains with diameter 4.5-7.5 nm, target No. 8.

Fig. 5. Gold grains with diameter 10-20
nm, target No. 9.°

grain R. Naturally, this does not concern atomization of grains due to elastic collisions, but this type of atom-
ization can be neglected in this case, since, according to estimates in [5], for nondecelerated fission fragments
Selas is only several atoms per fragment. It should be noted that direct experiments in which the atomization

factor would be determined for grains of specific size and in which only a single parameter would vary, name-
ly, the structure of the targets, have not yet been performed. ,

‘In this work, under identical conditions, the atomization coefficients were measured essentially in a
single experiment using the same source of fission fragments with constant geometry in an ultrahigh vacuum
for gold targets in the following form: foils, i.e., massive metal; continuous sputtered layer; layer consisting
of separate flat islands of different shape; layers consisting of separate spherical islands (grains with differ-
ent diameter); very thin continuous film ‘with variable thickness. For most targets, electron-microscopic
photographs of the surface were obtained beforehand. Gold was chosen as the object of the investigations, be-
cause this metal does not have an oxide film and is convenient for performing activation analysis when deter-
mining the amount of atomized matter. We proposed to compare the values of S, obtained for island targets
with spherical grains, with values calculated using expression (1).

PREPARATION OF GOLD TARGETS

Nine targets were prepared. Two tdrgets (No. 1 and No. 2) represented specimens of massive gold made
of foil with a thickness of 20 um. The surface of the target was chemically treated [6]. Electron-microscopic
photography of replicas'of the surface showed that, as previously, the dimensions of blocks or grains mainly ex-
exceed 30 nm. However, single grains were observed with dimensions less than 20 nm. To eliminate these
fine grains, whose presence could lead to an overestimate of the expected small values of S [5], according to
Sigmund's model [7], for massive metal [6], target No. 2 was annealed at 550°C for 2 h in a vacuum ~ 1073 Pa.
We prepared the remaining seven targets by thermal sputtering of gold in a vacuum on carbon substrates with
thickness ~ 15 nm, deposited beforehand on titanium disks. We obtained the different thicknesses and structures
of gold layers by varying the gold charge in the evaporator, the distance between the evaporator and the sub-
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Fig. 6. Scheme of irradiation of targets by
by fission fragments: 1) *52Cf source; 2)
separating ring; 3) protective nickel films;
4) nickel collector film; 5) target being at-
omized; 6) titanium disk.

strate, and the rate of evaporation, and by heating part of the layers in order to enlarge the grains and change

. their shape. We monitored the structure of the layers with the help of electron-microscopic grid markers.
Targets Nos. 3, 4 consisted of continuous layers of gold with a thickness of about 700 nm; in addition, target
No. 4 was annealed in order to enlarge the grains. The characteristics of the target layers are indicated in
Table 1. Figures 1-5 present the electron-microscopic photographs of targets Nos, 5-9, from which itis evi-
dent that the relative fraction of the gold-covered surface of the carbon substrates constitutes 0.3, 0.7, 0.6,
0.3, and 0.2, respectively.

IRRADIATION OF TARGETS

We used fragments of spontaneously fissioning %%2Cf as sources of heavy multiply charged ions. We de-
posited californium onto a platinum disk by thermal atomization in a vacuum. The diameter of the active spot
was 7 mm, the amount of californium was 4 pg, which with a 47 geometry provided for a flux of fission frag-
ments equal to 6-10° fragments/sec. We determined the amount of californium on an o gun to within 5%. We
determined the number of fission fragments passing through the surface of the target from published data [8].
To absorb the recoil curium nuclei, arising with the decay of ?52Cf, and to avoid contaminating the chamber
with californium, the chamber was covered through a separating ring with a nickel film with a thickness ~150
pg/em?. The same kind of nickel film was deposited through a separating ring with thickness 0.8 mm on a gold
target and played the role of a collector for the atomized gold. The source of fission fragments was stationary
and was situated above the target being atomized. Thus, a fission fragment, prior to falling onto the atomized
surface of the corresponding target, passed through two nickel films with a total thickness of ~ 300 ug/ cm?
(Fig. 6). The preparation of nickel films and the determination of their thickness with the help of an alpha
spectrometer were described previously [3]. In this experiment, the collimator was not used, while the dis-
tance between the source of fission fragments and the atomized surface was 4 mm, i.e., the angular spread of
fission fragments relative to the normal to the surface of the target constituted 0-45°. We measured the en-
ergy spectrum of the fission fragments with the help of a surface-barrier detector and a spectrometrical
channel with an AI-1024 analyzer; it turned out to be somewhat diffuse and shifted into the low energy range,
so that the energy of the fission fragments mainly equaled 45-65 MeV. This corresponds to an ionization de-
celerating capability in gold (dE/dx)ecp ~ 24 keV/nm [9].

We placed all nine targets covered with nickel collector-films on a disk, which could rotate without de-
stroying the ultrahigh vacuum. Each target was placed in sequence under the source of fission fragments in
accordance with the exposure chosen. To average the irradiation conditions, the disk with the targets com-
pleted several revolutions. We monitored the position of the targets visually through a heat-resistant glass.
To avoid distorting the results due to the reverse atomization of gold from the collector, we chose the inte-

. grated fluxes of fission fragments taking into account the expected values of S [1, 2].

CHAMBER WITH ULTRAHIGH VACUUM

The vacuum chamber was constructed from stainless steel with copper sealing rings. We performed the
preliminary evacuation from atmospheric to ~ 107! Pa pressure using zeolite pumps. Then, over the course
of several hours, we degassed the entire volume at 400°C. After cooling to 200°C, we evacuated the chamber,
using a "rough" magnetodischarge NORD-250 pump, t0 a pressure 107%-107° Pa. To evacuate the working vol-
ume of the chamber and the getter section, we used a "finishing™® NORD-250 pump. After achieving a vacuum
of 5-1077 Pa, we vaporized the titanium in the getter section and a vacuum of € 4-10~% Pa was established in
the working volume. In this experiment, prior to injecting air and loading the specimens, we filled the chamber
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with nitrogen, and to avoid recrystallization of gold and changing the structure of the targets, we heated the
chamber to 170°C. In view of the long duration of the experiment, after 2 vacuum ~ 5-10~7 Pa was estab-
lished, power was supplied to the NORD-250 pump, when necessary, from a specially developed high-voltage
block, operating from the 12-V storage battery,

DETERMINATION OF THE AMOUNT OF ATOMIZED
GOLD ON COLLECTORS

Due to the small quantity of gold on collectors (3-10'2-3-10' atoms or 0.001-0.01 pg), for the measure- }
ments we used the high-sensitivity technique of neutron activation analysis and high-resolution spectrometry.

We placed nine nickel collector-films with atomized gold, several nickel reference films with a known
quantity of gold ( ~ 0.03-0.001 ug), and several pure nickel films into an aluminum container and irradiated
them with thermal neutrons from the reactor at the B. P. Konstantinov Institute of Nuclear Physics in Lenin-
grad in a water channel at 60°C for 72 h. The thermal neutron flux density constituted ~ 1014 neutrons/(cm?-
sec). After the collector-films were irradiated in the reactor, we analyzed the reference films with the gold
and the pure nickel films on a v spectrometer with a liquid nitrogen-cooled Ge detector. By comparing the
areas of the peaks, corresponding to an energy 412 keV (y line of *®Au), we determined the number of *"Au
atoms on the collectors for the collector and reference films. Knowing the number of fission fragments pass-
ing through the surface of the targets, S can be determined for each target. The data obtained were checked
by determining the absolute efficiency of detection of v rays with energies of about 400 keV using standard
Y ray sources and based on data on the neutron flux in the reactor. The values of S found in this manner are
8% higher than the values determined from the gold references, which will be presented in what follows.

RESULTS AND DISCUSSION

The experimentally obtained values Sexp for nine gold targets with different structure was presented
in Table 1. The final error in the experiment depends on the following: on the error in determining the num-
ber of 412-keV v quanta detected (this error was 20% for targets Nos. 1, 3, and 6, 35% for targets Nos, 2, 4,
and 5, and 5% for targets Nos. 7-9); on the error in determining the number of fission fragments reaching the
target, equal to 10%; and, on the error in determining the amount of gold on the reference films, which is 10%
(we note that this error could be somewhat higher, since the data for the references with charges of 0.03 ug
and 0.003 pug did not coincide). '

The highest values of Sexp, equal to 4000 and 11,000 atoms/fragment, were obtained for targets Nos, 8
and 9 from separate grains with average diameter ~6.5and ~14 nm, respectively; for target No. 6 (grain
diameter 30-50 nm) this value constituted only 42 atoms/fragment. If we include the fact that the surface of
targets Nos. 6, 8, and 9 is only partially covered by gold grains, then the values of Sexp recalculated for the
entire surface will equal ~60, ~12,000, and ~ 55,000 atoms/fragment, respectively. It was assumed here
that the grains do not touch one another, and in analyzing the data obtained we used the model of isolated grains.

In comparing Sexp for tai'gets Nos. 6, 8, and 9 with the values calculated using Eq. (1), we assume that
(dE/dx)e = 24 keV/nm, the binding energy of gold atoms is U, = 3.75 eV, and N = 5.9+ 10?2 atoms/cm?; we de-
termined (dE/dX)e, min,; and Pj for each R;. It turned out that for (dE/dx)e = 24 keV/nm, according to (1),
gold grains with diameter not exceeding 14.5 nm can atomize. In this connection, grain size distributions were
constructed only for targets Nos. 8 and 9, since for targets Nos. 2, 4, 5, and 6 the gold grains had diameters
2 30 nm, and therefore the coefficient of atomization Sga] must equal zero. According to (1) and the grain size
distribution, 50% of all grains, i.e., grains with diameters exceeding 14.5 nm, did not contribute to Sga] for
target No. 1. Most grains in target No. 8 had diameters 4.5-7.5 nm, for which the probability of atomization
is close to 1.0, so that S,,4] for targets Nos. 8 and 9 constituted 2300 and 2100 atoms/fragment, respectively.
Taking into account the sharp dependence of Sgal on R, as well as the approximations which were made in de-
riving expressions for Sga1 [5], the agreement between Sy, for targets Nos. 8 and 9is satisfactory, However, we
note that S5 for target No. 9 turned out to be a factor ~ 5 smaller than Sexp- The total agreement between
the computed and experimental values of S for target No. 9 is obtained if it is assumed that for (dE/dx)e = 24
keV/nm, grains with diameter less than 19.5, and not 14.5 nm as assumed above, can be completely atomized.
This is only possible when the material is atomized due to removal not only of separate atoms, but of groups |
of atoms as well. In addition, much less energy is required to break up a grain. However, it should be noted !
that the disagreement between the computed and experimental results could be due ¥ the inadequate accuracy
with which the grain size distribution was determined (see Fig. 5), since it was determined from a single
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electron-microscopic photograph, albeit with preliminary visual observation of other sections of the surface
in the electron microscope. For target No. 6 the coefficient of atomization must coincide with the measured
value for massive metal, since grains with diameters. exceeding 20 nm mustnot atomize due to the energy

of ionization losses, which is not sufficient for complete atomization of grains into separate atoms and, ac-
cording to the isolated-grain model, partial atomization, as already mentioned, does not occur. Indeed, for
target No. 6 the coefficient of atomization is more than 100 times smaller than that obtained for targets Nos.
8 and 9, although the grain diameters in the two cases indicated differ only insignificantly and constitute more
than 30 and less than 20 nm, respectively. At the same time, the value obtained S8 = 42 atoms/fragment
(more correctly, S = 60 atoms/fragment) exceeds by a factor ~ 10 the value computed using Sigmund's cas-
cade model [5, 7]. This is apparently related to the presence (see Fig. 2) of separate grains with diameter
not greater than 20 nm on the surface of the target, which can be atomized by fission fragments due to ioniza-
tion losses and which can thereby increase the measured value of S. This also explains the high, compared to
the expected value for massive metals, coefficient of atomization for target No. 1, constituting 51 atoms/frag-
ment. We note that for target No. 3 the coefficient of atomization is much less than expected [10]. Apparently,
due to the small (2 cm) distance between the evaporator and the substrate, many small grains on the heated
substrate (temperature was not monitored) coalesced into larger grains. The smallest values of S were ob-
tained for the annealed foil (No. 2), annealed continuous layer (No. 4), and annealed layer consisting of quite
thick (~ 90 nm) flat islands of size ~ 100 nm (No. 5): 15, 8, and 10 (33)atoms/fragment, respectively. If we
even assume that grains with diameters less than 20 nm were absent on the surface of these targets after an-
nealing, then values of S still exceed by a factor of 3-7 the values found from Sigmund's cascade theory. It is
possible that here the inadequate accuracy of measurements or Sigmund's equation for calculating Selag had
an effect or there was partial atomization of the massivemetals due to ionization losses. For target No. 7,

S =1300(2100) atoms/fragment. The structure of this target is inhomogeneous; this is mainly a thin discon-
tinuous gold film (on a carbon substrate) with variable thickness 10-60 nm, containing separate grains with
diameters less than 20 nm. Apparently, S in this case is determined both by fine grains and by sections of
film with thickness lessthan 10 nm, when the size effect can be manifested.

In conclusion we should note the following:

1. Iarge coefficients of atomization (10°-5-10% atoms/fragment) are observed only for targets consist-
ing of islands of matter with grain sizes not greater than 20 nm (or the same islands on the surface of massive
metal [10] and nonconducting films [11]). In this case atomization occurs in accordance with the isolated grain
model [5].

2. The analytic expression correctiy represents the value of S and indicates the strong influence of the
grain size and relates Sgg] to (dE/dx)e for heavy multiply charged ions. Further refinement of the expression
for Scal will require more-careful experimental estimation of the grain size distribution and the mass of the
atomized matter.

3. The coefficients of atomization, for heated films with islands of gold with diameter ~ 0.1 um and
thickness 0.09 um, for annealed continuous films with thicknesses ~1um and for annealed metallurgical foils
are approximately the same and equal 10-30 atoms/fragment. To obtain a more-accurate value of S for bulk
metals and to estimate the effect of their thickness, it is necessary to increase the accuracy of the measure-
ments, to guarantee the absence of grains with diameters less than 30-50 nm on the surface of the metal, as
well as to include the effect of the dose, exceeding 5-10'? fragments/cm?, especially when beams of heavy
multiply charged ions are used.

We are grateful to V. P. Eismont and A. S, Krivokhatskii for discussing the results of the experiments,
to B. G. Yarullovand G, V. Solov'ev for help in irradiating the specimens, to B. M. Aleksandrov for preparing
the 252Cf sources, and to G. A. Tutin, A. G. Donichkin, and A. N. Smirnov for help in performing the y-spec-
trometric measurements.
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RADIATION TESTING AND THERMAL TESTING OF COMPTON-EMISSION
NEUTRON DETECTORS HAVING A HAFNIUM-CONTAINING EMITTER

I. Ya. Emel'yanov, Yu. I. Volod'ko, UDC 539.1.074.8 i
O. K. Egorov, S. B. Zlokazov,

V. V, Postnikov, Yu. A. Safin,

and V., I. Uvarov

Compton-emission neutron detectors with a hafnium~-containing emitter are one of the promising de-
tector types for monitoring the neutron-flux distribution in the core zones of reactors. By contrast tothe
beta-emission neutron detectors with an emitter made from rhodium, silver, or vanadium [1-3] — detectors
widely employed in power reactors — Compton-emission neutron detectors with a hafnium-containing emitter
are practically free of inertia [4]. These detectors are therefore preferred in automatic systems for mon-
itoring, controlling, and protecting reactors, where the detectors have to meet increased requirements in
regard to fast response, Compton-emission neutron detectors are often produced with a technique employed in
the manufacture of cables with magnesia insulation. The technique allows serial production of Compton-emis-
sion neutron detectors without important limitations for the length of the sensitive detector portion,

For the purpose of separately studying the influence which heat and radiation have upon the metrological
properties and the electrical properties of Compton-emission neutron detectors and cables with magnesia in-
sulation, we built an experimental setup which we inserted into a dry channel placed in the core of the experi-
mental IVV-2M water —water reactor. When used with electric heating elements, the setup makes it possible
to obtain various temperatures at a certain radiation intensity level, i.e., the temperature of the Compton-
emission neutron detector can be varied within known limits without depending upon the irradiation intensity.
Earlier a similar setup had been used to study the properties of beta-emission neutron detectors with a silver
emitter and a cable with magnesia insulation [5]. In our experiment, the average flux density of the thermal
neutrons reached 1.7 - 10'4 neutrons/(em?- sec) on the sample surface, the average flux density of the fast neu-
trons (E = 1.15 MeV) was 3.8 10!% neutrons/(cm? - sec), and the average dose rate of the y-radiation was
2.8-10% Gy/sec. '

Four samples of the cable-type Compton-emission neutron detector with a hafnium-containing emitter
were tested. The design of the Compton-emission neutron detector is similar to that of the previously tested
beta-emission neutron detector with a silver emitter [5]; the Compton-emission detector has an outer diame-
ter of 3.0 mm. The insulation of the Compton-emission neutron detector is made of magnesium-oxide powder
of the "analytically pure” quality 'ac00rding to All-Union State Standard 4526-75. The test samples of the
Compton-emission neutron detector were annealed for 7 h at 750-800°C before the tests.

Both the current (short-circuit current) and the emf of the Compton-emission neutron detectors were
determined at various irradiation-intensity levels and temperatures. The current of the Compton-emission
neutron detector was measured with an F 116/2 microvoli=microammeter. The emf (in the range 0.03-20 V)
was determined either with an electrostatic S-50 voltmeter or by applying an adjustable dec voltage between the
emitter of the Compton-emission neutron detector and the input of a current meter; the voltage corresponding i

1
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Fig. 1. Temperature dependence (outside the reactor
and at various irradiation intensities in the reactor) of
the insulation resistance of a Compton-emission neu-
tron detector (a, b) correspond to Egs. (8) and (5), re-
spectively; X refers to measurements outside the reac-
tor). The points correspond to various @1 values (neu-
trons/(cm?- sec); first value indicated) and B, values
(Gy/sec; second value indicated): 1) 8.5-10'%, 1.4-10%;
2)1.1-10%%, 1.9-10% 3) 1.4-10%3, 2.2-10% 4) 1.7-10'3,
2.8-10% 5) 1.8-10'%, 3.0-10% 6) 2.3-10'%, 3.8-10% 7)
3.4-10'3, 5.6-10% 8) 4.6-10'%, 7.5-10% 9) 5.1-10'3, 8.4°
10%; 10) 5.7-10'%, 9.4-10%; 11) 6.8-10'%, 1.1-10% 12)
8.5-10'%, 1.4-10% 13)1.0-10'%, 1.7-10% 14) 1.2- 104,
2.0-10% 15) 1.4-10'4, 2.2-10% 16) 1.7-10'4, 2.8-10%,

to current zero was numerically equal to the emf determined with a VK 7-9 voltmeter. The insulation resis-.
tance was calculated from boththe current and the emf of the Compton-emission neutron detector. The temper-
ature of the Compton-emission neutron detector was measured with a Chromel—Alumel thermoelectric ther-
mometer. The junction of the thermoelectric thermometer was soldered directly to the collector of the Comp-
ton-emission neutron detector. The temperature gradient between the emitter and the collector did not exceed
1°C,.owing to the high thermal conductivity of the densely pressed magnesium oxide (there were no gas-filled
gaps in the insulation). The stationary temperature values were measured during 1-2 h. In individual cases
the constance of the current of the Compton-emission neutron detector was checked for 15-20 h at a constant
temperature and a constant irradiation intensity.

Experimental data on the resistance of the insulation of the Compton-emission neutron detector (Fig. 1)*
were evaluated in accordance with the theoretical temperature dependence and irradiation-intensity dependence
of the electric conductivity of mineral insulation [6]. The dependence was based on the assumption that the
electric conduptivity o of the insulation is composed of the thermal component oy and the radiation-thermal

component 0., i.e., the insulation resistance at a given temperature and irradiation intensity can be expressed
as follows:

Ripe=(1/R, + 1/R)™, 1)

* Data averaged over four samples of Compton-emission neutron detectors are shown in Fig. 1 and referred
to below.
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where Ry is the insulation resistance at a given temperature outside the reactor.

It follows from Fig. 1 that, as in the case of a beta-emission neutron detector with a silver emitter, the
radiation-thermal component ofthe electric conductivity of the insulation is much greater than the thermal
electric conductivity of a Compton-emission neutron detector, and that Rr depends basically upon the total
insulation resistance. The insulation resistance Rt outside the reactor in a Compton-emission neutron de-
tector with a hafnium-containing emitter is much greater than in a beta~emission neutron detector with a sil-
ver emitter. The total insulation resistance Rj,g of a Compton-emission neutron detector inside the reactor
is also 1-2 orders of magnitude greater than that of a beta-emission neutron detector. This seems to be as-
sociated with the reduced (several times reduced) number of electrons leaving the emitter of the Compton-
emission neutron detector at the same particular neutron-flux density.

We obtained empirical temperature dependencies of Ry and Ry for a Compton-emission neutron detector
with a hafnium-containing emitter:

at temperatures in excess of 330°C

R, =17.9-1057 3293 oxp (9.4-10%/T), 2)
R, =54 exp (1,3-104/T); (3)

at temperatures up to 330°C

-0.63 3/2 (4)
R,=1.3.101:p; 83 -3/2
R,=4.8-10% exp (8.1-10Y7). (5)

The notation is interpreted as follows: T is the absolute temperature, deg K; 9, thermal-neutron flux den-
sity, neutrons/(cm? - sec); and Py, dose rate, Gy/sec, of the v radiation; Ry and Ry, are referred to a detector
length of 1 m and expressed in £ ' m.

Figure 1 shows that in the temperature range 330-770°C, the layering of points referring to different ir-
radiation-intensity levels is less pronounced than in the range 70-330°C. The data were separately evaluated
for the two temperature intervals. The exponent at the irradiation intensities in Egs. (2) and (4) assumes very
dissimilar values. In the interval 330-770°C, the parameter is close to zero, i.e., the dependence of Ry upon
the irradiation intensity is only weakly pronounced, as in the case of beta~emission neutron detectors with a
silver emitter. In the range 70-330°C this exponent is 0.63 and close to its value in the cable with magnesia
insulation. We can assume that in the case of the cable, Ry is basically given by the dose rate of the y-radi-
ation, which in Eq. (4) was assumed as the measure of the irradiation intensity. Thus, as far as this aspect
is concerned, a Compton-emission neutron detector with a hafnium-containing emitter occupies an intermedi-

ate position between a beta-emission neutron detector with a silver emitter and a cable.
[}
The confidence limits in the calculation of the insulation resistance of the Compton-emission neutron de-

tector with Eq. (1) and Egs. (2)-(5) at the confidence level 0.98 correspond to Ring changes by a factor of 6
toward greater or smaller values. Equation (2) is applicable at thermal-neutron flux densities ranging from
8-10'2 to 1.7-10'* neutrons/(cm? - sec), fast-neutron (E = 1.15 MeV) flux densities ranging from 2-10!? to

3.8 10" neutrons/(cm?- sec), and v dose rates ranging from 1.2-102 to 2.8 103 Gy/sec; Eq. (4) is applicable
at thermal-neutron flux densities ranging from 8-10'? to 5-10!% neutrons/(cm? - sec), fast-neutron flux densi-
ties ranging from 2-10'2 to 1.5-10'3 neutrons/(cm?- sec), and v dose rates ranging from 1.2-10% to 9 - 102
Gy/sec. ’

The sensitivity of the Compton-emission neutron detector is defined as the ratio of the detector current
to the unit neutron flux density per unit detector length and depends upon both the temperature and the neutron-
flux density to a lesser extent than does the sensitivity of beta-emission neutron detector with a silver emitter.
The dependencesof the sensitivity of the Compton-emission neutron detector upon the neutron-flux density is
less pronounced than the sensitivity dependence onthe temperature. The current of the Compton-emission neu~
tron detector can increase with increasing temperature at a certain flux, because the rate of the nuclear reac-
tion of neutron absorption in hafnium is increased by Doppler broadening of a neutron resonances [7]. But in
the interval 70-770°C, this broadening in hafnium enhances the neutron absorption only by a few percent, This
is certainly inadequate for explaining the observed change in the current of the Compton-emission neutron

detector.
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Fig. 2. Dependence of the sensitivity of the Comp-
ton-emission neutron detector upon ¢TRjpg for de-
tectors with (O) a hafnium-containing emitter and
(@) a silver emitter: 1) corresponds to Eq. (6); 2)
corresponds to the analogous formula for the beta-
emission neutron detector with a silver emitter [5];
3, 3' and 4, 4' indicate the limits for the 0.98 con-
fidence level.

An analysis of the experimental data has shown that, as in the case of a beta-emission neutron detector
with a silver emitter [5], the resulting dependence of the sensitivity of the Compton-emission neutron detector
upon the temperature and the neutron flux should be interpreted with the product ¥ Ring — the flux density of
thermal neutrons times the insulation resistance of the Compton-emission neutron detector; the product is
proportional to the electric potential of the barrier in the insulation of the Compton-emission neutron detec-
tor [5]. It was established that with a constant product ¢ TR, g, the sensitivity of the Compton-emission neu~
tron detector depends only slightly upon the temperature and the neutron-flux density. -

In general terms, the dependence of the sensitivity of the Compton-emission neutron detector upon the
height of the potential barrier can be explained as in the case of the beta-emission neutron detector with a
silver emitter [5]. The sensitivity of the Compton-emission neutron detector can be modified by changes in
the electric potential distribution in the dielectric in dependence upon the irradiation intensity and the temper-
ature, and by the influence which the changing distribution exerts upon the passage of electrons.

Figure 2 shows the experimentally obtained dependence of the sensitivity of the Compton-emission-neu-
tron detector upon the factor ® TRi,g. We realize that for »TRipns = 5-10% € m - neutron/(cm?- sec), the
spread of the experimental points is much smaller than at lower pTRj,g values. At significant »TRjng values
we can therefore obviously expect more-clearly pronounced changes .in the sensitivity of the Compton-emis-
sion neutron detector in dependence upon the temperature and, accordingly, detector operation of greater sta-
bility. As far as the design of the Compton-emission neutron detector with a hafnium-containing emitter is
concerned, in the case of a high-power reactor with a core height of 7 m and an average thermal-neutron flux
density of about 7-10' neutrons/(cm?- sec) in the core, a value @Rins = 5-1020 Q@ * m * neutrons/(cm?- sec)
corresponds to an insulation resistance of the Compton-emission neutron detector of the order of 1-10°% Q at
the nominal power rate of the reactor, i.e., stable operation of the detector can be expected at greater Ripg
values. But at pT = 7-10'3 neutrons/(cm?- sec) we obtain Ring = 1-10° 2 at 550-600°C for the Compton-emis-
sion neutron detector (see Fig. 1), which means that the highest operational temperature of the Compton-emis-
sion neutron detector is not below this value.
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By evaluating the results of the measurements shown in Fig. 2 with the least-squares method, the follow-
ing empirical dependence of the sensitivity of the Compton-emission neutron detector upon the factor ¢ TRing
was obtained:

(i;fp(i;* =9.6-10""exp{2.11g (¢.Rnd —0.053[Ig ((pTRI-ns)]'Z}, (6

where i is the detector current, A/m, referred to a 1-m detector length; ¢T, average flux density of the ther-
mal neutrons, neutrons/(cm?- sec), over the length of the sensitive portion of the detector; Ring, resistance,

‘2 -m, of the detector insulation referred to 1 m of detector length; and (i /pT), detector sensitivity at

PTRijpns = 5 102 Q -m - neutrons/(cm?- sec). The limits (in regard to irradiation intensity) within which Eq.
(6) can be employed coincide with the corresponding limits for Eq. (2). Equation (6) can be used at tempera-
tures of 70-770°C. The confidence limits for calculating the sensitivity of a Compton-emission neutron de-
tector with Eq. (6) and formulas (1)-(5) at the confidence level 0.98 correspond to sensitivity changes by a fac-
tor of 1.8 toward larger or smaller values (see Fig. 2). The errors of determining the sensitivity of the
Compton-emission neutron detector are much smaller than the spread of the experimental points shown in
Fig. 2.

Figure 2 shows for comparison the above-described dependence of the detector sensitivity upon the fac-
tor ¢1Ripg for a Compton-emission neutron detector with a hafnium-containing emitter; also shown is the
corresponding dependence for a beta-emission neutron detector with a silver emitter. Obviously, in the first
case the dependence is much less pronounced than in the second case. The rapid increase in the current of
the beta-emission neutron detector with a silver emitter at increasing temperature limits the highest opera-
tional temperature of the beta-emission neutron detector to 400-450°C, i.e., the temperature is lower by about
150°C than that of the Compton-emission neutron detector with a hafnium emitter. In practice, both the Comp-
ton-emission neutron detector with the hafnium-containing emitter and the beta-emission neutron detector with
the silver emitter are usually employed under conditions corresponding to the right side of curves 1 and 3 of
Fig. 2, i.e., at values TR = 5 10% Q2 -m -neutron/(cm?- sec). In this range the dependence of both Comp-
ton-emission and beta-emission neutron detectors upon ¢TRjpg is relatively stable and not very pronounced.
For ¢ TRjpg = 5-1020 Q - m - neutron/(em? - sec), i.e., in the range of Compton-emission neutron detector oper-
ation in regard to temperature and radiation intensity, a temperature increase from 70 to 550-600°C at un-
changed irradiation intensity leads to an increase in the sensitivity of the Compton-emission neutron detector
by at most 13-18%. A similar increase in the sensitivity of the beta-emission neutron detector with the silver
emitter corresponds to a temperature change of only 50-100°C.

The results obtained in our work confirm that the electric fields in the insulation of the emission detec-
tors are important for the current conversion process in the detector.
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LOCAL RADIATION ACTION OF ATMOSPHERIC EMISSIONS
ASSOCIATED WITH THE OPERATION
OF A RADIOCHEMICAL PLANT

I. N. Ruzhentsova and E. N, Teverovskii UDC 004.86

It has been proposed in many countries to make the transition to a closed nuclear fuel cycle with the
regeneration of spent fuel at radiochemical plants (RCP). In this connection the possible radiation action on
the population both on the local and on the global scales resulting from the operation of RCP is of interest.
The global effects of radioactive contamination of the biosphere by atmospheric emissions from RCP has been
discussed in detail in [1]. Estimates are made in this paper of the local irradiation dosages of the population.

The radiation environment associated with the operation of RCP is determined by the internal irradia-
tion upon the oral entryof radionuclides with the consumable food products and the inhalational entry of
radionuclides into the human organism, as well as by external irradiation due to the emission stream and ra-
dioactive aerosols precipitated on the surface of the earth. The emission capacity and the composition of the
radionuclides eliminated through the ventilation duct of an RCP depend on the kind of fuel, the duration of ir-
radiation (the operating period of the reactor), and the holding time of the fuel prior to regeneration, as well
as on the reprocessing technology and the efficiency of the gas-purifying equipment used.

Let us consider a hypothetical RCP with a capacity of 1500 tons/yr. This value is characteristic both
for the published designs of plants for fuel reprocessing and for hypothetical RCP presented in the scientific—
technical literature [1].

The calculated values of the capacity for emission into the atmosphere of the principal radionuclides
during the operation of a hypothetical RCP in Bq/MW (elec.) ' yr are given below:

Tritiuim .o e L. 2.2-10°—7.4-10'!
L 3.7-10°
SRy . .. 1.2-108
O e . 410105122010
Sy L 2.2-10f
R L v e 1.6-10°
Blos oo P 2.4-10°
s 3.1-108
M 1.7-108
DU L e, 5.6 10°
DU 6.7-10%

The following assumptions were made in the calculation:

1. The enrichment of the fuel of a typical light-water reactor is 3%, and the depletion depth is 30 MW -
days/kg [1]. '

2. The holding time of the fuel prior to regeneration is 3 yrs [2, 3].

3. Two values of the relative yield are considered for tritium; 4 = AQ/Am, where AQ is the activity of’
the radionuclide emitted into the atmosphere and Ay, is the activity of the same nuclide in the fuel mass which
has proceeded to reprocessing.

a) q(®H) = 3-107% [4, 5]. Most of the tritium goes into the environment with the liquid waste.
. b) a(®B) =1, i.e., all the tritium contained in the depleted fuel enters the atmosphere during regenera-
tion [1, 4].

4. The entire amount of 14C and 8Kr contained in the depleted fuel is emitted into the atmosphere during
regeneration [1, 4].

Translated from Atomnaya Energiya, Vol. 54, No. 3, pp. 192-194, March,1983. Original article submitted
June 14, 1982.
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Fig. 1. Dependence of the mean an-
nual dilution coefficient K of a weight-
less and highly dispersed impurity on
the direction [ to the ventilation duct
for RCP regions having different pecu-
liarities of the wind regimes with
P/Py, =1 (—=)and 3 (————).

TABLE 1. Variation of the Internal Irradiation Dosage at the Point of Maximum Near-Surface
Concentration for Different Locations of the RCP

Radionuclide

D ax Sievert*/MW (elec.) - yr.

'

Critical organ

Day sievert /MW (elec.) - yr

(inhalational entry)

Critical organ

" Tritium

ue

1201

208y
106 Ry

13405

137Cs
114Ce

238Py
232y

a)

b)

1,2.10-12—3,6.40-12
3,8-10-10—1,1.10-°
2,4.10711—7,2.10-11
1,0.10-10--3 0.40-10
2,8:107°—8,4.10-9
1,1-10-2—3.3.40-*
6,0-10-12—1 8.10-11

5,8-10-11—4,7.40-10

8,0-10-11—2 4.10-10
3.6-10-12{ 1.40-11

2,0-10712—6,0-10"12
2,2.10-12—6,6.10712

Whole body
Fatty tissue

Thyroid gland

Bone
Gastrointestinal tract

Whole body
~ Whole body
Gastrointestinal tract
(lower large intestine}
Bone

Bone

|(lower large intestine)}

*1 sievert = 100 rem; 1 csievert = 1 rem,

5. Two limiting cases are discussed for 129:

4,2.10-184 3.10-12
1,4.-10-10—4 2.10-10
5,7-10-13—1,7.10-12

1,4.10-12—4 2.40-12
3,9-10-11—1,2.10-10
1,0-10-11—3,0.10-11
5,8-10-14—1,7.10-13
5,7-10-16—1,7.40-13
4,3.10-19—1,3.40-12
7,0-10-13—2 1.10-12
3.1
4.3

1079 —9,3.10-9
-10-10—1 3.10-9

Whole body
Fatty tissue
Thyroid gland

Bong .
Gastrointestinal tract
(Tower large intestine)

Whole body
Whole body
Lungs

Bone
Bone

a) the system for collecting '*I at the RCP has an efficiency of 99% [1, 5]; in this case a(*®1) = 0.01.
b) there is no system for collecting the iodine, and 25% of the 12 is emitted into the atmosphere, i.e.,

q(“”I) = (.25 [5], and the rest of the iodine enters the environment with the liquid waste.

It has been taken into consideration that practically all the 2] is emitted into the atmo sphere in vapor
form; the subsequent adsorption of the vapors on atmospheric condensation nuclei results in the fact that the
iodine is scattered as a highly dispersed impurity in the near-surface 1ayer_of the atmo sphere.

6. The emission capacity of ¥Sr, 137Cs, 1%Ru, !44Ce, and '34Css has been determined for q = 2.5-1078 [3].

7. The emission capacity of #¥Pu and »*Pu has been calculated for q = 1.6-10~7 [5]. We note that the
emissions of aerosols depend mainly on the technological peculiarities of the fuel regeneration process at

the RCP.

The irradiation dosage caused by the emission of the i-th radionuclide is proportional to the ratio
QiKDi/Kd Qi is the capacity for emission of the radionuclide; K4, mean annual dilution coefficient of the im-
purity in the near-surface layer of the atmosphere; and KDj, transition coefficient from the near-surface con-
centration of the radionuclide to the irradiation dosage).
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TA BLE 2. Variation of the External Irradiation
Dosage at the Point of Maximum Near-Surface
Concentration for Different Locat_ions of the RCP

[y

3 | Draxe sievert/MW (elec.)- | 5 . |Dmax sievert/MW (elec) - |3 o
5 i iati =5 irradiation due to the o d
o | yr (irradiation due to the 2 |yr (}rr_a iation E &
% surface of the earth) 5 5 | emission stream) G o
:G - . I .

<

e =

8Kr — —. 11,5-10-% —4,5.10-° Skin

- Whole -18 —16

106 40-14—1 .8-10-13 1,4-10-16—-4,2.10 Whole

Ru| 6,0-10 1 body ks
133Cg | 8,5-10713—2,6.10712 Same! 1,7-10-%%—5,1.10-1® Same
187Cs | 8,7-10-1%—2,6.10-12 » » | 7,6-10-16—2,3.10-15 »
144Cs| 7,1-10"15—2,1.10°14 » » | 1,5-10717—4,5.10°17 1» »

~
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Fig. 2. Irradiation dosages of organs and tissues
at various distances from an emission source:
——=)P/P; = 3; Yy P/P, =1; a) group III of
critical organs; by group II for q(!?°I) = 0.25; c)
group I for q(*H) = 1; d) group I for q(®°H) =3-1073
( ) with P/P; = 3, and group II for g(*?’I) =
0.01 (——) with P/P; = 1.

Fig. 3. Variation of the maximum total effective
dosage Dmpax in various locations of an RCP as a
function of distance with P/P, = 3 (——) and
P/Py =1 ( 1K

The mean annual dilution coefficient depends on the elongation index of the mean annual rose of the
winds at the RCP location P/P;, where P is the actual repeatability ofthe predominant wind directionand Py =
0.125 is the repeatability of each direction of the eight-bearing circular rose of the winds. The transition to
actual repeatability of the predominant wind direction from a circular rose of winds is aceomplished with the
help of the relationship

Ky= Ko PiPo™ W

where Kq, and Kq are the mean annual dilution coefficients for the circular and actual roses of the winds;
P/P, = 2fora 2:1 wind rose, and P/P;, = 3 for a 3: 1 wind rose.

The range of variation of the experimental values of the mean annual dilution coefficient of a weightless
and highly dispersed impurity for RCP locations having different peculiarities of the wind regime [4] are shown
in Fig. 1 for an effective height of the source of 200 m, which is adopted in [1].

The limits of variation of the irradiation dosage of the population at the point of maximum near-surface
concentration are given in Tables 1, 2 for different locations of the RCP. An average food ration was assumed
when estimating the dosage values; the contributions of the principal nutrition products produced at the plant
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locations to the annual consumption are as follows: 80% (milk, vegetables, meat) and 100% (potatoes) [6]. The
sources of the drinking water supply are artesian wells. The coefficients Kpj are taken from [6-8].

The values of the irradiation dosage of separage groups of critical organs [7] at various distances from
the ventilation duct of an RCP are presented in Fig. 2. The variation of the maximum total effective dosage
as a function of distance from an RCP is shown in Fig. 3 for different locations of it. We note that the main
factor of the radiation action of the emissions of an RCP is the oral entry of radionuclides into the human
organism. The external irradiation produced by the emission of 3Kr exerts a smaller effect. The dosage of
external irradiation due to radionuclides precipitated on the surface of the earth and the irradiation dosage
associated with inhalational entry are smaller by two orders of magnitude than the internal irradiation dosage
due to oral entry, The effect of an emission stream of radioactive aerosols on the formation of the irradia-
tion dosage level is insignificant. As far as contributions to the total effective irradiation dosage of the popu-
lation in the regions in which plants are located is concerned, the radionuclides are distributed in the follow-
ingorder: for q®H) = 31073 and q(*?°1) = 0.01 1¥7Cs — 134Cs, 85Ky, 14C, #0Sr, 28py, 1297, 29py 106Ry, 14iCe, and
*H; for g(°*H) = 1 and q(*¥*1) = 0.25 3H — 1291, 37Cs, B40g, 8Ky, 14C, DSy, *BPy, 2Py, 6Ry, and “Ce,

As is evident from Fig. 3, the upper limit to the total effective dosage at the point of maximum near-
surface concentration does not exceed 7.0°107° sievert/yr. At the same time, the dosage produced by the
natural radiation background amounts to ~ 1-10~ sievert/yr {1]. Thus, the maximum total effective dosage
at the locations of RCP amounts to about 10% of the dosage produced by the natural radiation background.

According to the data of [1], the individual effective dosage at the point of maximum near-surface con-
centration is 3.5 107 sievert/yr and 4.2° 1078 sievert/yr for nuclear power plants with water-cooled —water-
modulated power reactors and with high-powered water-cooled channel reactors, respectively. Consequently,
the radiation action of an RCP on the population living in the vicinity of its location is 16-200 times higher than
the radiation action of nuclear power plants with different types of reactors. The total effective irradiation
dosage of the population in the vicinity of an RCP is 70 times less than the dosage limit for personnel of cat-
egory B established by NRB-76 [7].

If one assumes, as has been done in [1], that the average population density at plant sites is equal to 25
persons/km?, then the upper limit of the collective irradiation dosage of the population in a radius out to 100
km, which can serve as one of the characteristics of radiation action, will not exceed 2 man-sievert/yr.
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ALLOWANCE FOR ECONOMIC DISCOUNTING IN ESTIMATION OF THE HARM
DONE BY RADIOACTIVE CONTAMINATION OF THE BIOSPHERE
BY NUCLEAR ENERGY FACILITIES

V. F. Demin, E, I. Ermakova, UDC 621.039.003
and Ya. V. Shevelev - -

Both individual and collective radiation doses* are estimated in order to determine the impact of radia-
tion. An important place is occupied by the so-called expected collective doses
§¢ = SS'(t) dt, (1)
0
where S(t) is the collective dose rate at the time t, caused by some industrial process in the nuclear fuel
cycle (NFC) at the time t = 0;

At the present time the quantity st is used as 2 measure of the total irradiation of the population due to
the source under consideration and serves as a basis for estimating the pertinent harm, expressed by one in-
dicator or another. For convenience in making relative estimates, the literature usually gives the values of
the collective doses, normalized to a unit of energy generated —usually 1 MW (elec.) - yr. Such values of st
and S are indicated below by St and 8, respectively.

* Henceforth, dose will be taken to mean the effective equivalent dose [4].

TABLE 1. Normalized Expected Values of the
Irradiation Dose of the Personnel and Popula-
tion at Various Stages of the NFC in a Light-

Water Reactor, 107* man-sievert/MW (elec.) yr

NFC stage 5t 5 s«

Ore extraction and proces-
sing: fuel fabrication

personn-el 0,2—0,3(0,2—0,3]0,2—0,3

population ~ 1000 0,3 < 0,04
Atomic power plant

personnel 1 1 1

population

local and regional dose 0,04—0,4[0,04—0,4|0,04—0;4

overall dose 3—7 0,6—1,74 ~0,1
Spent- fuel processing

personnel 1,0 1,0 1,0

population:

local and regional dose |0,1—0,6|0,1—0,6}0,1—0,6

overall dose 70-85 |2,1—3,9| ~0,5
Radioactive waste handling,
including burial

persolnnel 0,01—0,2{0,01—0,2{0,01—0,2
ulation 25—110 ~0 ~0
Rgsoe%tch and develop-
ment
personnel 0,5 0,5 0,5
. Total
personnel ~ 3 ~3 ~ 3

population‘ ) ~ 1000 (3,1—6,9|0,8—1,6

| "Dataof present paper.

Translated from Atomnaya Fﬁnergiya, Vol, 54, No. 3, pp. 195-199, March,1983. Original article submitted
January 11, 1982.
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Table 1 gives the values of St for different stages in the nuclear fuel processing cycle, according to the
data of [1-3]. The uncertainty in the estimates is due to the scatter of the data from different sources in the
literature and the inaccuracy of the model calculations, as well as to the difference in the initial character-
istics of the NFC (with and without spent-fuel reprocessing), etc. As follows from Table 1, the largest con-
tribution to the total St comes from: the initial stage of the NFC,* mainly because of the uranium and its de-
cay products entering into the environment with emissions (discharges) from facilities in this stage; repro-
cessing of spent fuel (as a result of the emission or discharge of globally significant radionuclides, mainly
1257 and 14C); burial of radioactive wastes. The principal characteristic of these contributions to St is that they
are formed because of radionuclides with a very long half-life and during many thousands of years at a very
low collective dose rate S. On the other ‘hand, part of the contributions to St comes from short-lived radionu-
clides. This is the dose received by the personnel and population on local and regional scales as the result of
emissions (discharges) from atomic power plants and a radiochemical plant during the time that coincides
with the time of the industrial process or is close to it.

In view of this, there is doubt as to the equivalence of the various components of §t, particularly those
which are realized in very remote times (for more details see [1, 2]). As a palliative resolution of the doubts
in {1] it was proposed to use the so-called incompletely expected dose S; for estimating the radiation impact
of the NFC. It is also defined by Eq. (1), except that the upper limit of 1ntegrat10n t = < is replaced by tmax =
500 yr (or 10* yr).

It should be obvious that both the very procedure of truncating the range of integration and the limit t =
500 yr are not justified. t

The authors of this paper investigated the possibility of another concept of the expected dose. The in-
vestigations were directed at looking for and substantiating such time-weighting factors which would make it
possible to vary the value of the dose received by the population at different times relative to the time at which
energy was generated. As a result of these investigations we can make the following conclusions:

1. Considering various aspects of the estimation of the harm done by radioactive contamination of the
biosphere (economic, social, biomedical, etc.), we can introduce some of them, but it is difficult to substan-
tiate them with sufficient rigor because of uncertainties in the long-range predictions.I An exception is the
time factor explicable by the economic approach to estimation of the harm; this is the familiar discounting
function from economics.

2. The discounted expected dose Sg defined below should become the basis for an estimate of the harm
from radioactive contamination of the biosphere with NFC facilities, regardless of the indicators (economic
or other) in terms of which this harm is expressed. It is important only that a corresponding economic factor
could be associated with any of these noneconomic indicators.

DISCOUNTED EXPECTED COLLECTIVE DOSE

An economic approach to estimation of the harm inflicted upon the environment by one form of industry
or another is necessary for a number of reasons. The principal reason is that the economic effect is the sole
indicator which can be used to compare or sum up different forms of harm to the biosphere and the expendi-
tures on a protection system. The use of the benefit—harm criterion in optimization of the system of environ-
mental protectionis based on this approach.

In economic assessment of the harm it is not at all a matter of indifference as to when, relative to the
time of production, the damage occurs or the expenditures must be made. In the economic calculations, time
is taken into account by introducing the aforementioned discounting function

D (t) =e-Et, (2)

where the parameter E is the norm for reducing the expenditures to a unit time (yr~!). Its value is taken to be
0.08 [5]; time t is in yrs.

* All of the facilities up to atomic power plants.

T The quantity—S'i‘ was introduced for another purpose, viz., for estimating the maximum annual dose S for the
population at some future moment of time, caused by prolonged operation (for 500 yr) of an atomic power plant
at a constant level [1].

i For example, a prediction associated with the development of methods for the treatment of certain cancers or
genetic diseases or others.
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Suppose that a unit of production is accompanied by an economic damage, whose "realization" is
stretched considerably in time, and this "stretching” is described by the function Z(t), the annual damage at
the time t measured from the moment of production. The bar above Z indicates that we are considering the
loss per unit production. Then the contribution from the resulting damage to the reduced production cost is

Z= S Z () e-Ftdr. (3)
¢
Equation (3) and the considerations above concerning the use of the discounting factor in estimating the
damage to the biosphere, inflicted by one form of production or another, constitute the starting point for de-

termining the discounted expected dose S}j

The harm Z to the health of the population and the collective dose S are related by
Z=AS (4)
or, for their annual values,
Z=AS, : (5)
where A is the economic damage from a dose of 1 man-sievert.

When in Eq. (3) we substitute Eq. (5), written for the reduced quantities Z(t) and g(t), for Eg = Z/A we get

oo

84 = j S (t) e-Ft dy. (6)
0 :

The transition from Eq. (3) to Eq. (6) was.made with the assumption that A does not depend on time.

The value o‘f-élcci found from Eq. (6) with allowance for the discounting function can be apprOpriateiy
called the discounted expected dose or the economically significant measure of the expected dose, in contra—
distinction to the total expected dose [see Eq. (1)].

Table 1 gives the values of Sd calculated from Eq. (6). The values of S (t) were obtained with the dose-
estimation models described in [1]. We pomt out that for the components of the expected dose which the dis-
counting function does not affect, st ——St ="St. These components include the personnel irradiation dose as
well as the irradiation dose received by the population from relatively short-lived radionuclides.

DISCUSSION AND CONCLUSIONS

With the economic approach to the estimation of the harm done to the biosphere by radicactive contami-
nations, it isnecessary to take discounting into account when surnmmg the collective dose from different tlmes.
In this case the estimation of the harm is based not on the total St, but on the discounted expected dose Sd

The latter is an intermediate quantity in the calculation of the economic harm from radioactive contam-
ination of the biosphere (relative to Z). The introduction of a new quantity in addition to Z is appropriate be-
cause Eq. (6) does not contain the quantity A, whose value has not been established reliably as yvet. Several
papers have been published to date about estimating A (e.g., [6-8]) as a quantity characterizing the economic
harm due to the loss of health or premature death. Thus far, however, there are substantial divergences both
in the approaches to the determination of A and in the estimation of its individual components.

In obtaining Eq. (6) we assumed that A does not depend on time. Generally speaking, this is not so., The
parameter E may also vary with time, In this case the time factor e~Et in {6) should be replaced by

exp (7— ( E (v) dr') fa (D). (7)
0

Here the first term is a time-dependent discounting factor for E, and fA (t) is a function that allows for the time
variation of A, Without going into details in discussing this problem, we note the following:

1. The rate and direction of the time variation of A (if no allowance is made for inﬂation) have also not
been adequately established, just like the quantity A itself, but in this case fa (t) is a function that varies much
more slowly than does the discounting function and, therefore, is less significant.
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2. If it is assumed that under the conditions of some country the quantity A is subject to the effects of
inflation (A = Aoeyt, where v is the inflation rate, yr‘l), then AE =7y must be added to E. As a result, in
Eq. (6) the two auxiliary exponents (of E and v) cancel each other out and the formula forgg remains the sameX

3. Determining E(t) is a problem of long-range forecasting, which is not considered here. It is unques-
tionable, however, that the character of E(t) in the distant future cannot significantly affect the values of Sd
referred to the present time or the nearest future.

An explanation must be given as to the choice of E. Generally speaking, E can be different for different
countries and different social systems and may change as the social system develops. Moreover, even within
the framework of a single country there may be differences as to the standardized value of E. This hinders
the choice of E for concrete economic calculations. In calculation of Sg for the NFC, however, the uncertain-
ties indicated above are not of fundamental importance. From Table 1 we see that when the integral is trun-
cated to the times in (1) by t)3%. = 500 yr, the most significant components of the total expected dose St [re-
sulting from the effect of radionuclides with a very long half-life T1 2 (U, 1291, etc.) or with a very long time
for emergence from a deep geological burial vault Temer (Tl/2 >> )] become zero, In this case the value
of the truncated S' decreases by two or three orders of magnitude and terms that do not depend on the trunca-
tion limit begin to play an important role.

The time of economlc truncation 7q; = 1/E in any case is smaller than t;%x (in actual fact, much
smaller). Therefore, Sd also does not contain large terms. In this case the inaccuracies in the remaining,

E -dependent contributions in Sd, owing to the likely inaccuracy of E,arenot very significant against the back-
ground of the total value of Sd for the personnel and the population. Under these conditions it is reasonable,
in our opinion, to choose the smallest E (Emin) of the values recommended in the hterature first, when Emin
is used the upper limiting value (other conditions remaining the same) is obtained for Sd, second, S§ does not
change very much with a possible transition to a more correct value of E. The values of E recommended in
the domestic literature are in the range 0.08-0.15 yr‘1 (see, e. 8 [5], as well as [9]). On the basis of the con-

siderations presented above in this paper we have chosent E = 0.08 yr

Other (noneconomic) factors which could be used in the integrand in Eq. (6) are completely indetermi-
nate atthe present time. It should be understood, however, that their possible inclusion in (6), equivalent to
some variation of E, cannot have a major effect on S(tj for the NFC (see the considerations above about the
choice of E and about the dependence of st on E). In view of this, we can speak of the distinct, fundamental
value of the economic discounting factor among all probable time factors mentioned earlier.

Economic truncation of the range of integration in (6) results in our ignoring the irradiation dose re-
ceived by the population in comparatively long times t > Tge. It may turn out that this characteristic of §d
for the NFC causes unacceptable contradictions between generations: The advantage from economies in ex-
penditures on building protective structures will be enjoyed by our generation, while the greater part of the
harm from the radioactive contamination of the biosphere will befall the next generation. In actual fact, there
is no contradiction. A positive discounting norm E corresponds to a development of society such that part of
the material goods is transferred to the accumulated fund, i.e., for a continuous improvement of future living
conditions. As a result, the present generation will hand over to the next generation a larger volume of mate-
rial goods than it received as it started life.

Under such conditions the appearance of additional means at some time, e.g., because of a reasonable
saving of means in building protective installations in NFC facilities, will benefit both the present generation
and generations to come (because these means are transferred partially into the consumption fund and par-
tially into the accumulated fund). Conversely, both the present generation and coming generations will suffer
material loss if because of an incorrect economic assessment excessive funds are expended on protective in-
stallations. In particular, such an error occurs if the total and not the discounted expected dose is used as the
basis for the assessment of the harm. It must be pointed out that the decrease which an economic error
caused in the accumulated fund passed on to the next generation grows exponentially with time.

Thus, as a compensation for a relatively slight increase in the radiation background, future generations
will receive growing material means, part of which could be spent on public health protection. This can be

* The possible dependence of v on t must be taken into account in exactly the same way as is the dependence

E(t) [see (7}].
1 When the problem of the choice of E is raised in international scientific organizations, it may become neces-
sary to reduce this value somewhat,
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done by: reducing the téchnogenic addition to the background irradiation of man (by improving the medical
diagnostic apparatus, constructing buildings from building materials with a lower content of natural radionu-
clides, etc.); employing prophylactic social and medical measures to protect and improve public health; and
improving medical services,

At the present time the technogenic addition to the natural background is fairly substantial. According
to the data of [10], for the population of the USSR this correction AH(T) to the average individual yearly dose
is ~ 3 msievert, on average. In the main it comes from medical diagnostic procedures (~ 1.5 msievert) and
the natural radionuclides in building materials (~ 1.3 msievert). In principle, one can pose the problem of
greatly decreasing AR(T), but solving it at this time or in the near future would involve colossal expenditures
which society today would not afford. In the distant future these same expenditures, converted to the present
time, decrease manyfold and the further into the future they are removed, the more they are reduced. 1t is
important to point out that the correction AH{T , due to long-lived radionuclides of the NFC, to the present-
day total AH (T) is relatively small at any planned or predicted level of nuclear power development (with the

, present-day technology for handling wastes with a high specific activity, including their vitrification and burial
at great depths).

CONCLUSIONS AND PROPOSALS

1. With the economic approach to estimation of the harm from radioactive contamination of the biosphere,
the economic comparison of the degree of the effect of various technologies, stages of the NFC, etc., on the
biosphere, and the application of the benefit—harm criterion for the purposes of optimization of the safety sys-
tem of facilities, it is necessary to employ discounting of the magnitude of the harm, in particular, the dis-
counted expected dose 3& instead ofthe total expected dose.* In the opinion of the present authors, in the final
table of the report of the United Nations Scientific Committee on the Effect of Atomic Radiation (see [1], Vol. 1,
pp. 33, 372), charactérizing the radiation effect of the NFC on the population, it would be more correct to in-
dicate the discounted and not the total values of the doses.

2. For a present-day nuclear fuel cycle, Sd is two to thrg_g orders of magnitude smaller than the total
expected dose st (see Table 1). Clearly, this relation between S3 and 8" is maintained for future NFC as well.

3. It is proposed that a new concept, that of discounted collective expected dose (see Eq. (6)) be added
to the definitions of the expected dose. ¥

| The authors express their heartfelt thanks to V, A, Legasov, N, N, Ponomarev-Stepen', and I, I, Kuz'min
for support and valuable critical comments.

We also thank N. G. Gusev for informing us about [12-14].
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LETTERS TO THE EDITOR '

EXPERIMENTAL DATA ON THE NEUTRON FIELDS OF THE VVER-440

S. S. Lomakin, A. G. Morozov, UDC 621.039.512.45
G. G. Panfilov, Kh, Ya. Bondars, ’
and A. A. Lapenas

The parameters of the neutron fields in the circumvessel space of the VVFER are investigated by the au-
thors on actual nuclear power stations (NPS), in order to assess the quality of the radiation shielding, to re-
fine the radiation lifetime of the plant, and to verify the calculated data and computational programs [1-3].
The volume of experimental investigations carried out on almost all nuclear power station units with VVER-
440 allows the data obtained about the composition and level of the neutron radiation to be compared and
generalized. '

The measurements were carried out in front of and behind the reactor vessel, and also in the channels
of the ionization chambers (IC) located in the radiation shield in the vicinity of the reactor vessel. For the
measurements in front of and behind the reactor vessel, special channels were used, ensuring the necessary
location of the neutron detectors. :

The measurements were carried out by the activation method. The fast-neutron flux density was deter-
mined with threshold detectors, containing !*Rh, "%In, *Ni, */Fe, '**Mg, A1, and ¥, and for the determina-
tion of the spectral parameters and the thermal-neutron flux density, detectors with 11In, %Ay, **La, '5'Sm),
83Cu, 5Mn, and "Lu were used. '

The thermal-neutron field behind the reactor is formed by fast-fission neutrons which have passed
through the radiation shield and the reactor vessel. At the sites of location of the IC, these neutrons were
moderated and thermalized in the medium surrounding the IC channels.

At the Novovoronezh and Kol'sk nuclear power stations, the IC channels are located behind the reactor
vessel in water tanks, and at Armyan they are in the concrete of the dry shield. Table I gives the measured
values of the neutron flux density nV,, the Maxwell distribution temperatures T, and the epithermal parameter
rVT/T, (V, =2200 m/sec. T, = 293°K). All data are averaged over the units of these nuclear power stations
with IC channels in the water tanks or in the dry shield. The position of the control organs in the measure-
ments corresponded to the normal working range.

It can be seen that the thermal neutron spectrum in the IC channels located in the concrete shield is
somewhat "harder," mainly because of the presence of the iron reinforcement in the concrete shield. Repeated
measurements showed that the thermal-neutron field behind the reactor vessel in the IC channels is charac-
terized by stability, and is independent of the fuel burnup and the concentration of boric acid in the core.

TABLE 1. Thermal-Neutron Field Parameters
in the IC Channels

Location of nVo.

2 S
IC ch 1 neutrons/[em® - T, °K | "VTiTy
;- channe sec - MW (t.)]
Water tank (14,6-0,7)-108 409+13 | 0,082-0,01
Concrete (3,8+0,2)-10¢ 550414 | 0,13+£0,01
shield :

Translated from Atomnaya Energiya, Vol. 54,No. 3, pp. 200-201, March,1983. Original article submitted
March 18, 1982, ' '
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TABLE 2, Fast-Neutron Flux at the Inside Sur-
face of the Reactor Vessel and Behind the Reactor
Vessel, neutrons/[cm? « sec « MW(t,)]

At the inside surface

Behind the re-

NPS Unit of the reactor vessel | actor vessel
Novovoronezh | Second 0,83-108 (R= 1,20.407 (R=
. =176,4 cm) =2 1905 cm)
Armyan First — 0,73-10° (R=
. =237 cm)
Kol'sk The same| 0, 80. 108 * (R =
- =178 cm)

*Calculation by the RADUGA program [4], normalized on measure - ‘

ments in the IC channel and in the core,

TABLE 3. Values of ¢ in the IC channels

NPS Unit @ (F>1 MeV) R,
neutron /[cmf . cm
sec « MW (t.)]
Voronezh [ Third 2,04.100 214
Fourth 2,33-406 214
Armyan First 0,94-106 255
Kol'sk First 1,06-108 214
70*4‘
\\
‘é‘ 1Y
E )
- 17k A
,8‘; ‘Q
g A
kS : w
0% ‘\\
\)
»
107 IS S R W R N
2 4 ¢ £, MeV
Fig. 1. 'Energy distributionof the

fast-neutron flux density (¢) in the
VVER-440 vessel.

The fast-neutron flux density was determined in the circumvessel space of these nuclear power stations. _
The values of the fast-neutron flux density v with energy in excess of 1.0 MeV at the level of the center of the
core, and the distance R from the center of the core to the measurements sites, are given in Tables 2 and 3.

The greatest number of measurements was carried out in the IC channels, access to which is relatively
simple. The data obtained are given in Table 3. The errors in the measured values of ¥ are within the limits
of +259% for a 95% level of the confidence coefficient.

An analysis of the data obtained shows their agreement with the structural features of the nuclear power
station units and their similarity when there is no difference in the units. The tables give the values of o (E >
1.0 MeV) by which the nuclear power station units are compared. For an estimate of the radiation lifetime of
the reactor plant, the present-day approach requires a knowledge of the energy dependence of the neutron flux
density ¢(E) and consideration of the action of the neutrons on the material, starting with an energy of 0.1-0.6
MeV. For the inside surface of the VVER vessel (second unit of the Novovoronezh nuclear power station), Fig.1
shows the differential density, restored by the SAND II method from the obtained experimental data. The method
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of restoration used, and also the errors of the ¢ross sections and the measured rate of activation, lead to a
spread of the values obtained for #(E) for an energy in excess of 0.6 MeV, equal to +32%,
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EFFECTS OF PRELIMINARY FEW-CYCLE LOADING
ON THE RADIATION EMBRITTLEMENT OF 15Kh2MFA STEEL

L. A, Vainer and B. T. Timofeev UDC 620.171

The shell of a reactor undergoes cyclic thermomechanical loading during operation, and this produces
maximal stresses exceeding the yield point in stress-concentrator zones. This few-cycle loading may alter
the critical brittleness temperature and the tendency to radiation embrittlement. The general considerations
here are as follows:

The studies were made on 15Kh2M FA steel. The heat treatment consisted in quenching with subsequent
high tempering, which produced a homogeneous structure. The steel had the following mass % composition:
C —0.18, Si — 0.30, Mn =~ 0.50, S — 0.012, P — 0.017, Cr — 2.60, Mo — 0.76, V — 0.29, Ni — 0.20, Cu — 0.12; the
mechanical properties at 293°K were as follows: 0g.2 = 470 MPa, S =1510 MPa, ¥ = 76%, KCVpax =
1900 kJ/m?,

i , The few~cycle loading was applied to specimens with working cross sections of 10 X 30 mm using a

| UME-10TM test machine at room temperature. The working-life curve for the material was used in selecting
a deformation amplitude € = 1,2, which corresponds to 30,000 cycles to failure. Then one batch of the speci-
mens was loaded with 300 cycles of this amplitude, which corresponded to 0.01 Ng = 0.1 [N], where N is the
number of cycles to failure and [N] is the permissible number of cycles laid down in "Strength-Calculation
Norms." The second batch of specimens received 3000 cycles (0.1 Nk = [N]).

The working parts of the specimens tested in few-cycle fatigue were used in making smaller (5% 4% 27.5
mm) specimens with V notches for impact-viscosity testing. All the specimens used in determining the impact
viscosity (including those after few-cycle fatigue) after preparation were kept at 500°C for 500 h.

Some of the specimens from the three batches were irradiated in the VVR-M reactor of the Academy of
Sciences of the USSR to an integral fluence of 10%* neutrons/m? (E > 0.5 MeV) at 275 25°C and up to 3 -10*
neutrons/m? at 375+ 25°C. The initial and irradiated specimens were examined with an MK-1.5 pendulum
striker. For this purpose, at temperatures between —100 and +20°C the specimens were placed in alcohol
cooled with liquid nitrogen, while for lower temperatures the specimens were cooled by liquid nitrogen or
nitrogen vapor. Metallography of the fractures in metal with few-cycle damage showed that there were no
microcracks.

Figure 1 shows the impact-viscosity tests on the initial and irradiated 15Kh2M FA steel specimens with
and without few-cycle damage. The above conditions of few-cycle loading do not alter the critical brittleness
temperature of 15Kh2MFA steel within limits of +10°C. Also, the impact-viscosity curves in the absence of
few-cycle loading or after such loading with numbers of cycles corresponding to 0.01 Nk = 0.1 [N] and 0.1
Ny = [N] are practically the same, not only in the initial state, but also after neutron irradiation at 275 + 25°C
to a fluence of 102 neutrons/m? and at 375 + 25°C to a fluence of 3 10! neutrons/m?. In that case, the increases
in the critical brittleness temperature determined from tests on small specimens for impact viscosity were

Translated from Atomnaya I:?nergiya,Vol. 54, No. 3,pp.201-202, March, 1983. Original article submitted
April 1, 1982.

0038-531X/83/5403~0215$07.50 © 1983 Plenum Publishing Corporation _ 215

Declassified and Approved For Release 2013/02/06 : CIA-RDP10-02196R000300020003-7

S e ettt bt ot it e




Declassified and Approved For Release 2013/02/06 : CIA-RDP10-02196R000300020003-7

1000 N —o— =
84|
°
8001 o 3
o °
a
“g 80 ] . Y
Rall -5 . %o )
a 10 /e X
:2_ ®/o © ©
;‘/W* 2 4
79 S/ 3
. 4
200 « g/ ° R
o /é 2 o O'A=.x::/:‘>’( °
X 1 X
 Elpireefvh e
=740 . -100 60 =20 20

T.°C
Fig. 1. Change in the temperature dependence
of the impact viscosity for 15Kh2M FA steel in
response to few-cycle loading and neutron ir-
radiation: 1 ©, 7, A) without irradiation; 2
(*,®, A) after irradiation with a fluence of 1024
neutrons/m? at 275+25°C; 3 (@, x, @) after
irradiation with a fluence of 3-10%% neutrons/m?

‘at 375+ 25°C; O, e, © without preliminary load-
ing; 0, m, X 300 loading cycles; A, A, @ 3000
loading cycles.

40 and 60°C, correspondingly, for fluences of 10%* and 3-10%4 neutrons /m?2, which are approximately equal to
the increment in the critical brittleness temperature determined on specimens of type IV in accordance with
All-Union State Standard 9454-60 for the same steel after analogous irradiation treatments (L. A. Vainer,

I. A. Razov, and A. S. Teshchenko, Fiz. Met. Metalloved., 42, No. 5, 971 (1976)).

The data indicate that preliminary few-cycle loading close to that experienced by reactor pressure
vessels does not affect the critical brittleness temperature in 15Kh2MFA steel or the radiation embrittlement.
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GENERATING PURE BEAMS OF NUCLEI IN THE
SYNCHROPHASOTRON OF THE JOINT INSTITUTE
OF NUCLEAR RESEARCH

Yu. D. Beznogikh, V. P. Vadeev, ) UDC 539.1
M. A. Voevodin, V, I. Volkov, ; '

E. D. Donets, V. G. Dudnikov,.

L. P. Zinov'ev, V. A, Monchinskii,

A, I. Pikin, I. N. Semenyushkin,

V. M. Slepnev, S. A. Khorozov,

and A. P. Tsarenkov

In 1982 the outstanding Soviet physicist, the founder and first director of the High-Energy Laboratory
of the Joint Institute of Nuclear Research, academician V. I, Veksler had his 70th birthday.

One of the most important stages in the development of Russian and Western accelerators was the syn-
chrophasotron built in Dubna under the supervision of V. I. Veksler. Bold and far-reaching scientific and
technological solutions introduced in this accelerator made it possible to use the synchrophasotron at the be-
ginning of the seventies for new unique applications, mainly for accelerating nuclei to record energies [1]. The
new energy range of accelerated beams of nuclei stimulated rapid development of research in a new direc-
tion: relativistic nuclear physics [2].

Beams of nuclei of elements which are heavier than helium, particularly beams of carbon (C8 %), were
regularly accelerated and used in physics experiments made since 1977 on the synchrophasotron of the
Joint Institute of Nuclear Research [3, 4]. The cryogenic electron-beam ionizing unit "Krion," built in the
High-Energy Laboratory, has been employed as a source of nuclei [5, 3]. This source provides beams of
nuclei even of heavier elements, such as O% and Ne!®*, Beams of even still heavier nuclei, particularly of
Ar!® and of the heliumlike xenon Xe®?* jons, have been obtained from the Krion-2 source built for research
work [6]. As far as the mass is concerned, beams which can be accelerated to relativistic energies are at
the present time basically limited by losses in the course of the synchrotron acceleration; the losses originate
from the capture of electrons by nuclei of the beam in collisions with atoms of the residual gas in the syn-
chrophasotron chamber. For example, when the carbon nuclei are accelerated, only (2-4) - 10% nuclei reach
the final energy of ~ 4.0 GeV/nucleon from the (1-2)-10% nuclei injected into the ring, i.e., the attenuation co-
efficient, which includes all sources of losses, is 50-100.

In the transition to the acceleration of neon, the coefficient rises sharply due to losses in the residual
gas, and the neon nuclei are apparently the heaviest particles which still can be accelerated in the synchro-
phasotron at injection energies of 5 MeV/nucleon and pressures of 2.76-107¢ Pa in the accelerator chamber.
Attempts to accelerate neon nuclei have been made earlier [3, 4]. Tracer amounts of relativistic 20Ne nuclei

n He*u B G N 0 20N
t

8001

500

400 -

200+

1
4 20 40 60 80 A, MeV

Fig. 1. Spectral composition of the relativ-
istic beam of nuclei in the slow extraction
channel during the acceleration of *'Ne,

Translated from Atomnaya E’nergiya, Vol. 54, No. 3, pp. 202-203, March,1983. Original article submitted
April 16, 1982.
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Fig. 2. Circulating ??Ne beam and beam injected
onto the target in betatron operation. Length of
the beam pulse obtained from the target 150 usec
on the base line; Nf,y-g = 5-10° particles/pulse;
Ng = 3.5-10° particles/pulse.

n C N 0 “l‘;c
g00t N
6001
%00
200+
1 1 I 1 1

0 20 40 B0 804F MeV

Fig. 3. Spectral composition of
the relativistic beam of nuclei in
the slow extraction channel dur-
ing 22Ne acceleration.

{~10? particles/pulse) of final energy have been recorded and the pattern of the interaction with nuclei in a
streamer chamber has been derived. Such extremely small quantities of accelerated particles could suffice
for efficient physics research only when track detectors in the form of nuclear emulsions and bubble cham-
bers are employed. Admixtures to the *Ne beam (He, C, N, and O) pose difficulties (Fig. 1).

These admixtures are usually present in the beam of nuclei obtained from the ionizing unit. The admix-
tures are produced in very small quantities from the elements of the residual gas, but owing to the high atten-
vation coefficient of the 2Ne nuclei beam during its acceleration, the beam appears to be enriched by nuclei of
lighter elements. It seems that this effect can be precluded by using an isotope with an A/Z ratio differing
from 2. *Ne seems to be most appropriate in the case of neon. The acceleration of the ?2Ne nuclei to 73 GeV
in the synchrophasotron was achieved at the end of the December working period of carbon acceleration. A
vacuum of 2,40 - 10~* Pa was obtained by that time in the accelerator chamber. The ionizing unit Krion was op-
erated at low power: The electron-beam current was ~50 mA, which corresponds to a current density of ~60
A/cm? in the beam; the beam energy was ~ 8 keV at 50% recuperation; the ion delay time was ~ 300 msec.

When compared with the nominal operation in the case of neon, the above conditions of operation provided
only a 10% fraction of nuclei in the beam. In this case the admixture gases in the electron beam were minimal.
This was extremely important in the first experiment on the acceleration of *Ne nuclei. Since in the case of
this isotope we have A/Z = 2.2 rather than 2 as in the nuclei usually accelerated in the synchrophasotron, the
transition to the acceleration of 2?Ne necessitated changes in the parameters of the accelerating LU-20 equip-
ment and the high-frequency system of the synchrophasotron. The voltage applied to the accelerating tube of
the preinjector of the equipment was raised along with the accelerating voltage of the high-frequency field in the
resonator; the 2?Ne nuclei were injected into the chamber of the synchrophasotron in a magnetic field of 258 G
in distinction to the 236 G used in the acceleration of particles with A/Z = 2. Figure 2 is an oscillogram of the
beam circulating and ejected onto a betatron target in betratron operation.
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Fig. 4. Tracks of 73 GeV ??Ne nuclei in a pho-
toemulsion (an inelastic process between one of
the nuclei and a nucleus of the photoemulsion
has occurred).

The ?’Ne acceleration required significant readjustment of the relation governing the frequency of the
accelerating voltage and the magnetic field in the synchrophasotron. The ad;ustment which provided for only
nominal beam losses during the acceleration process, was as follows:

1) the real dependence of the coupling law was recorded at 80 points of the magnetic field [7] during the
acceleration of carbon nuclei;

2) corrections for the frequency of the accelerating voltage were calculated at these points of the mag-

netic field; '

3) the coupling law was adjusted, taking into account the corrections calculated for the acceleration of
22Ne nuclei; and

4) the coupling law was corrected with the aid of a multichannel ionization sensor mounted in the vacuum
chamber of the synchrophasotron and operated on-line with an ES-1010 computer [8].

A pure beam of ?’Ne nuclei was obtained as the result of our work in the slow extraction channel of the
synchrophasotron. Figure 3 shows the spectral composition of the extracted beam at energy 73 GeV. The ac-
celerated beam reached an intensity of (1-2)-10° particlés/pulse. The first physics experiments were made
with the relativistic ??Ne beam; in particular, the effective cross sections of inelastic interactions between 22Ne
nuclei and C, Al, Cu, and Pb nuclei were measured and more than ten stacks of nuclear emulsions were ir-
radiated. Figure 4 shows an interaction of a **Ne nucleus with a nucleus of the photoemulsion.

This technique of generating pure beams of relativistic nuclei is of great interest for research on the
dependence of the cross section upon the atomic number (particularly of the so-called enhanced or abnormal A
dependencies) and for the search for extreme states of nuclear matter by investigating secondary ifteractions
of nuclear fragments. It will be possible to significantly increase the beam intensity of the nuclei in the syn-
chrophasotron and to broaden the beam composition after the following measures have been taken: putting into
Operation cryogenic pumping of the accelerator [9]; developing more powerful sources of heavy nuclei, espe-
cially development work on the electron-beam ionizing unit, and modernizing the injector and carefully adjust-
ing the magnetic fields and accelerating fields of the machine.

The authors thank A, M. Baldin for initiating the present work which is directed toward a broadening of
the composition of nuclei accelerated in the synchrophasotron; the authors also thank the synchrophasotron
personnel for the successful acceleration work.
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LOCAL ANALYSIS OF *He BY TRACK AUTORADIOGRAPHY
OF THE 3He(n,p)’H REACTION

E. E. Goncharov, G. G. Ryabova, UDC 621.039.8: 621.039.531
and D. A, Sorochan

At the present time there are not available any direct methods of local ‘He analysis with a sensitivity
and surface resolution as required for problems associated with a possible redistribution of implanted helium
atoms over a surface. Indirect data on the position of implanted helium on grain boundaries and other surface
defects can be obtained from investigations of blister formation on the TsM-6 molybdenum alloy [1, 2], but it
is not possible to obtain information on the helium redistribution over the surface when the helium irradiation
doses are below the dose causing the development of blisters.

To date no track autoradiographs of *He-containing samples have been obtained, though it is possible to
use the nuclear reaction He(n,p)°’H for investigating the local distribution of helium in materials with the aid
of solid-state track detectors [3]. The reason seems to be that it is relatively difficult to prepare samples
with a certain ®He concentration and to record both protons and *He nuclei with solid-state track detectors.

Test samples with a known concentration and distribution of *He in a region with a diameter of 3 mm
were prepared by ion implantation. Polished KEF-7.5 silicon plates with a size of 812 mm were employed.
A 0.54-pm-thick SiO, mask was applied to the sample surface by photolithography. The mask pattern com-
prised periodic rectangular and triangular figures with a size of a few to several hundred microns (Fig. 1a).

Fig. 1. Microphotographs of: a) an Si sample with an
Si0, mask on the surface; b) a track autoradiograph of
the distribution of 3He implanted in the sample (distri-
bution obtained after removal of the mask).

Translated from Atomnaya }Z‘nergiya, Vol. 54, No. 3, pp.204-205, March,1983. Original article submitted
May 10, 1982, '
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In the implantation of 18-keV 3He ions, the dose values were 2.9-10'¢, 9.3-10'¢, 2.9-10'7, and 8.6 -10'" atoms/
m?, which correspond to current densities of 0.5-107%,1.2-107¢, 2.4:107%, and 1.17:10"% A/m?, respectively.
" The range of the 18-keV 3He ions in the 3i0, was ~ 0.16 um [4], and therefore the helium was incident on the

silicon only in areas not covered by the mask. After irradiation, the 8iO, mask was removed by etching in
concentrated HF. Since the doses employed were much lower than the doses causing blister formation, and
since the ion distribution over the beam cross section was uniform, it could be assumed that 2 uniform alloy-
ing of the samples had been achieved. In this case the surface concentration of *He must correspond to the
dose of the implanted ions.

Test samples and track detectors directly applied to them were irradiated in the IRT-2000 reactor with
thermal neutrons to a flux density of 2.5-10'2 neutrons/cm?. Two types of solid-state track detectors were .
used: one of CyyHy40, acetobutyrate cellulose, and one of Kodak CN-85 C,;H4O,N4 nitfate cellulose. The range
of 18-keV 3He ions in silicon is ~ 0.2 um in normal incidence [4]. The protons and 3H nuclei incident on a
solid-state track detector pass through this layer and their energies are reduced by 567 and 166 keV, respec-
tively [5]. It is a well-known fact that the solid-state track detectors employed do not allow the recording of
'H and °H nuclei with energies below 550 keV [6] in the case of normal development, This was confirmed by
control experiments with test samples, In order to increase the recording efficiency, solid-state track detec-
tors irradiated with neutrons were exposed for 6 h at a distance of 8 cm from a DRSh-250-3 mercury-vapor
quartz lamp. The exposure was made through a light filter with a transmission maximum of the ultraviolet
radiation at wavelengths below 365 nm, An additional light filter, which absorbed red and infrared radiation,
prevented the solid-state track detector from being heated, The exposed detectors were etched for 6 h in 35%
KOH at 308 °K, In this fashion track autoradiographs of the *He distribution were obtained, Mainly qualitative
results were obtained with the nitrate cellulose detectors (see Fig, 1b), After catalytic etching of the acetobuty-
rate cellulose detectors in a solution of 35% KOH, 0.5% KOC, and 1 mg/ml of CuSo, at 308 °K for 4 h, track
autoradiographs resembling those shown in Fig, 1b were obtained,

The autoradiographs were observed and photographed with an M BI-15 optical microscope having a reso-
lution of 1 um. The density p of protons and ®H nuclei incident on the solid-state track detectors was calcu-
lated with the formula p = ¢FN (kp + kgpy, where o is the cross section of the SHe(n, p)°H reaction in the case
of thermal neutrons; F, flux of thermal neutrons; N, surface concentration of He atoms; and kp, k3H’ geomet-
rical factors which determine the relation between 18-keV. *He ions in Si and the ranges of the products re-
sulting from the *He (n,p)3H reaction. Thus, for R3He = 0.16 pm, Rp(578 keV) = 7.2 um, and Ry (186 keV) =
2.1 um [4], we have kp = k3H = 0.5, i.e., half of the particles generated during the exposure time are incident

" on the detector while the autoradiographic image is formed.

In the development process described above, the recording efficiency of the solid-state track detectors
was ~ 50% because the detectors record only protons (the range of the ’H nuclei is comparable with the thick-
ness of the solid-state track detector layer removed by etching).

The detection limit of *He is 10'6 and 10'4 atoms/m? for acetobutyrate and nitrate celluloses, respec-
tively. The reason is that a higher background of tracks is formed in the cellulose nitrate detector by the nu-
clear reaction '*N(n,p)'4C. The resolution can reach 0.1 um when weakly etched tracks are observed in an
electron microscope. The results show that track autoradiography involving the *He(n, p)°H reaction can be
used for nondestructive checking of the helium redistribution on the surface of a material.

The authors thank V. A. Kurnaev and A, V. Romanovskii for their help in the helium implantétion and
E. M. Rozenberg for help in preparing the samples. '
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APPROXIMATE SOLUTION OF THE v -QUANTA TRANSFER
EQUATION IN STRAIGHT-AHEAD SCATTERING

V. P. Zhemchugov UDC 539.125.52 + 621.039.51.12

The v-quanta transfer equation in straight-ahead scaftering takes the form [1]
.
aWw/az 4 S (a) D (z, a):j Ala" = ) D (z, a’)da'; . ] 1)
=3}
M0, a)=:g (), K

where @ (z, «) is the differential (with respect to the energy density) flux of v quanta at point z of space (in
units of the path length of the greatest-energy v quanta); o = mOCZ/E'y, relative wavelength of the v quanta; o,
minimum wavelength of the radiation; S(a) = Z(a)/E(wy), total reaction cross section of the y quanta, rel, units;
and A (&' —~ @) = Zg(a' — @)/ Z (), differential scattering cross section, rel. units. It is assumed that there
are no internal sources in the medium, and that radiation with the spectrum g(e) is incident at the boundary z =0,

The accurate solutions of Eq. (1) given in [1, 2] may be used in practical problems only extremely rarely,
and are of purely theoretical interest. In real calculations, Eq. (1) must be solved by one of the approximate
numerical methods (the moment method, the successive-collision method, etc. [1]). Each of these methods.
has its deficiencies in terms of rapidity or accuracy, and the choice is determined by the conditions of the
problem. The method proposed below is likewise not free of deficiencies, but it provides better speed and
accuracy in a certain sufficiently broad range of the variables z and «.

In addition to Eq. (1), the equation for’'the function ¥ (z, o) = exp[S (&) z] ® (z, @) will be considered

[+3
AWz = S A2’ —>a)exp oA (o, &')] ¥ (2, &) dot's

o

|
h
|

(2)
¥ (0, a)=g (w), )

where A (¢, @') =8 (@)—S8 (a¢"). The derivative with respect to the spatial variable z on the left-hand side of
Eqgs. (1) and (2) allows, together with the boundary conditions, recurrence relations to be obtained for finding
the coefficients of the Taylor-series expansion of ® (z, @) and ¥ (z, @) in the vicinity of the point z = 0.

It is assumed that the function & (z, o) and, correspondingly, also the function ¥ (z, ) are continuously
differentiable with respect to z as many times as is necessary, and the solution of Egs. (1), (2) will be sought
in the form of the series '

G (e, @)= D m () 2/ @
n=0

¥(z, a)= Yo (@) 2/ nt,
ngﬂ (4)

where ¢op (@) = één) 0, @); Yp(e) = ‘Pgn) (0, @). Differentiating Eqgs. (1), (2) m times with respect to z, it is
found that

73

(])(Z"“r” (z, &) = \ A >y l™ (. a)yda -8 (o) DM (2, a);

22
‘Pgm“-) (z, @)= j Ao — a)exp[sA(a, a')]X
%o
m -
x[ D) cham-iw® (e, o) |de,
k=0

Translated from Atomnaya Fnergiya, Vol. 54, No. 3, pp. 205-206, March,1983. Original article submitted
May 24, 1982.
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where C?n are Newtonian binomial coefficients. Substituting z = 0 into the expressions obtained, recurrence
relations are found for the coefficients of the expansions in Eqgs. (3) and (4)

[s2
Prmer (@) = S A0 @) @ (@) da’ + S (@) @ (@);

%o

(5)

o "
Y @={ Al > a)[ 3 Chamrin (@) |aa, (6)
Uy h=0
where ¢, (@) = 3,(@) = g(a), in view of the boundary conditions. Analogous recurrence relations may be
obtained if the solution of Eq. (1) is sought in the form
® (s, a)=cxp(—2) 3 fn (o) 2m. )
n=(

In fact, substituting the expansion from Eq. (7) into Eq. (1), and comparing the coefficients of equal powers
of z, it is found that

o
(1) frm (@)= | 4 > ) i (e /11— S (@] fa (),

where fj (@) = g(a).

‘Any of the recurrence relations allows the asymptotic behavior of the solution of Eq. (1) at small z to
be found for problems of practical importance. As is known [1], the function A (a'— @) = (@, /2) (@'/a) (aYa +
a/a') provides a sufficiently accurate description of the Compton scattering of v quanta at high energies (a',
a «<1), Assuming that g(a) = 6 (¢ —a;) and using Eq. (8), it is found that

fola)=8(a—ay 1, (@)=A (cg— a);
23 (@) =[1—S (@) 4 (g - a)+ (shug/3) (1 —afec).

Then at small z the asymptote

® (z, o) =exp (—z) {8 (a —ag) +24 (g > )+ (9)
, +(2%/2) (A4 (09~ o) (1 — 8 (@) +(a§eo/3) (1 — ad/a®) ]}
holds.
The recurrence relations in Egs. (5), (8) look less laborious. It is clear, however, that the series in Eq.
(3) will coniverge much more slowly, since the expansion in Eq. (3) takes no account of the asymptotic behavior
of the function ¢ (z, a) as z— o,

Numerical investigation of the expansions in Egs. (38), (4), and (7) have been performed for scatterers
with contrasting properties: aluminum [hg() = Tg(a)/Z(a)~ 1}, amedium with weak absorption; uranium [hg(a) « 1],
a strongly absorbing material; iron [hg (@) < 1], an intermediate material. The solutions are compared with
solutions obtained by the moment method and the successive-collision method (which is regarded as more ac-
curate but requires considerable machine time). The discrepancy between the solutions is regarded as neg-
ligible if the difference is no more than 2-3%. The integrals in all the recurrence relations are calculated by
a Newton —Cotes quadrature formula of closed type with n = 2, 3, 4 in a sufficiently small interval Ao, The
results of the numerical investigations permit the following conclusions to be drawn:

1. The series in Eq. (3) with expansion coefficients determined by Eq. (5) and a number of terms in the
expansion N = 20 gives the solution only for small z (for aluminum and iron, z <'5; for uranium, z < 3). The
series in Egs. (4) and (7), with the coefficients determined by Eqgs. (6) and (8), respectively, provide sufficiently
accurate solutions at z = 20 over a broad energy range E, = 2.5-50 MeV for all the given materials. With this
number of terms, the series is relatively small, and oscillates from 5 to 20 as a function of the energy range
and in particular the behavior of the functions S (@) and hg () in this range. v

2. Other conditions being equal, a smaller number of ternis is required in the series of Eq. (4) than in
Eq. (7) if the function S (a) decreases; if it rises, however, then the series in Eq. (7) converges more rapidly.
This is as would be expected, since the exponential preceding the sum in Eq. (7) takes account of the more-
penetrating component of the radiation. In the case when the function S (o) has a clearly expressed minimum,
the number of terms in the expansions of Egs. (4) and (7) is approximately equal with the same calculation
accuracy.
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3. The asymptote of Eq. (9) allows sufficiently accurate values of & (z, o) to be obtained over a broad
energy range with z < 2. The integral characteristics are described by the asymptote in Eq. (9) with an error
of less than 5% when z < 4 for iron, z = 2 for aluminum, and z < 1 for uranium.

Thus, the method of solution of Eq. (1) based on Taylor-series expansion of the solution provides good
accuracy over a broad range of yY-quantum energies and at sufficiently large distances from the source. It
thus competes successfully with traditional methods such as the moment method and the successive-collision
method, and is less laborious, i.e., requires much less computer time. :
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TEMPERATURE DEPENDENCE OF THE SCATTERING CROSS SECTION
OF COLD NEUTRONS IN DITOLYLMETHANE

Yu. M. Berzilov, V, E, Zhitarev, UDC 539.171.416.22: 621.039.532.6
A. M. Motorin, S. B. Stepanov,
and Yu. V. Sharanin

Hydrocarbons of the diphenylmethane series for a long time have been considered potential high-tem-
perature coolants [1] for, e.g., nuclear power generation. At the present time, the possible use of ditolyl-
methane (Cy;H;;) as a moderator-coolant in reactors for heating in remote areas is being investigated. To
date no complete data on the properties of the materials are available. In calculations of the thermalization of
neutrons one can find partial information (or no information at all) on the cross section of interaction of di-
tolylmethane with slow neutrons and on the influence of the state parameters of the scatterer upon the inter-
action with such neutrons. The present work had the goal of partially filling these gaps.

The investigation concerned the temperature dependence (in the interval 25-300°C) of the total interac-
tion cross section of ditolylmethane with cold neutrons at wavelengths of 0.6-1.9 nm (energies of 2.3-0.23
meV). The cross section was determined with crystal spectrometers of the neutron duct + crystal type [2]
in the horizontal channels of the IRT-2000 reactor of the MIFI, The spectra of cold neutrons were produced
in double-bent polished brass tubes, the neutron ducts. A tube with a size of 10 X% 23 X 4650 mm was used for
measurements in the range 0.6-1.3 nm (2.3-0.48 meV) (the limit wavelength of the spectrum was Apin~ 0.5
nm, i.e., E = 3.3 meV}); in the range 1.3-1.9 nm (0.48-0.23 meV), the tube had a size of 25X 58 X 6000 mm
Amin & 0.9 nm, i.e., E =1 meV). Packages of sheets of fluorphlogopyte mica (dyy = 0.997 nm) served as
monochromators. The wavelength resolution was better than 4% and the concentration of neutrons of higher
orders of reflection was less than 1% in the entire range of neutron energies considered. The solid angle un-
der which the detector (SNM-51 counter) was visible from the sample was less than 0.003 sr. Ditolylmethane
of the "pure" quality was used for the samples. The plane samples of the liquid had a thickness of 1.3 and 1.5
mm at room temperature; the thickness was determined with an error of 2% through the passage of water in
the same container. The samples could be heated to 400°C (error 2-4°C) in a hermetically sealed container
with "windows" of an aluminum alloy. The sample transmissivity was 0.2-0.5.

Table 1 lists the total cross section values for the interaction of ditolylmethane molecules with cold
neutrons. The density values of the material were taken from [1]; the error of the density values did not ex-
ceed 1.5%. The cross section errors listed in the table comprise the thickness error and the sample-density
error. |

Previous experimental investigations of several hydrogen-containing liquids (e.g., [3, 4]) have shown that
the scattering cross section of cold neutrons of sufficiently long wavelength (A > 0.5-1.0 nm, E <3.3-0.8 meV)

Translated from Atomnaya Energiya, Vol. 54, No. 3, pp. 206-207, March,1983. Original article submitted
June 6, 1982.
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TABLE 1. Total Cross Section (10™% m?) of the Interaction of Ditolylmethane Molecules with
Cold Neutrons ’

A.nm (K, meV)

0.6 0,7 0,8 0,9 1.0 1,1 1,2 1.3 1,4 1,5 1,6 1,17 1,8 1,9
(2,3) 1,0 (1,3) (1,0) [ (0,80) | (0,67 | (0,57) [ (0.48) | (0,42) |<¢0,36) | (0,32) | (0.28) | (0,25) |(0,23)

25 | 1844101836 | 1994-6| 2066 | 21745 | 22546 | 23246 | 24146 | 24747 | 2507 [263+7 [283+7 |277+8 [296+8
80 | 185102006 | 21356 | 22746 | 22046 | 24746 | 264+ 7 | 2687 | 2768 | 3041-10| 2948 [ 3198 {32318 | 338+8
130 | 20110 {21156 {22306 | 2416 255-£7 | 26647 | 283£7 [ 295+7 | 304+9 | 31618 |337+9 | 345+9 |365+9 | 373+9
180 | 205410 | 22557 | 24057 | 2577 [ 27447 | 2867 | 206--7 | 31748 | 31878 [ 324+8 | 35218 | 3729 | 381+10| 415+9
240 21311 [ 23247 [ 2507 | 27257 | 29157 | 30548 | 3198 | 34079 | 367£10| 37219 [407£10] 415+9 | 436111 469+ 11
300 | 2211124557 | 2677 | 2888 [ 3228 | 328+8 35240 | 368+ 9 | 3807 11| 399 +11| 430+ 12| 436+11] 465 +12] 483 +11

ina,

55

20

X2

2,0 55 30
1/7-10% k-t
Fig. 1. Temperature dependence of In a,
in the case of: 1) HyO; 2) C;Hg; 3) CHg;
4) CyHy, [4, 5]; 5) ditolylmethane (present
work).

usually can be described with good precision by a linear function of the form ¢g(A) = a4+ aA. The slope a;

of the straight line accounts for the contribution of the inelastic component o, to the scattering cross section.
The observed function o (A) corresponds to the general concept that the cross section ojg is proportional to

the wavelength of the slow neutrons, the energy of which is much smaller than the characteristic energy trans-
fer in scattering in the particular material. Our results have shown that ditolylmethane is a scattering system
satisfying the above condition with the state parameters employed. It is therefore possible to use the results

of investigations of the temperature dependence of the scattering cross section [3-5]; conclusions and estimates
pertaining to the conditions of thermal motion in ditolylmethane can be made.

When the temperature dependence of the slope @,(T) is considered in conjunction with the results of
[4, 5] for several other materials, we can employ the exponential concept in accordance with [4, 5]: a,(T) =
aygexp (—e/kT) (see Fig. 1). These results indicate that on the average, hydrogen atoms in ditolylmethane per-
form relatively large free motions which considerably exceed those of, e.g., diphenyl (which is of similar
molecular structure and viscosity). This conclusion is confirmed by the slope value, which is slightly smaller
than that of water, benzene, and toluene at room temperature; the conclusion is further confirmed by the tem-
perature dependence, which is closer to that of toluene: €CyHy, = 0104 eV; €g,0 = 0.077 eV; €CgHy = 0.057 ev;
EnTM = 0.046 eV; and SC7H8 =0.,04 eV, :

Interestingly enough, toluene is characterized by the greatest mobility of the molecule as a whole and of
the hydrogen atoms as well (according to the viscosity, self-diffusion, internal rotation data, etc.). The di-
tolylmethane molecule is substantially more complicated and heavier than the other molecules, but its vis-
cosity is significantly higher [1]. Therefore, the mobility of the molecule as a whole (translations, rotations)
is reduced. One must therefore assume that the ditolylmethane molecule can perform movements which are
characterized by a high degree of freedom and the participation of a large number of hydrogen atoms. The
outstanding indicators for the influence of quasifree movements upon the scattering cross section of the cold
neutrons are the increased slope a; at low temperatures and the reduced temperature dependence of the slope.
An indicator of this influence is the ratio £¢/E, wherein E is the activation energy of viscous flow: For water
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and diphenyl with strongly reduced molecular motions, we have £¢/E = 0.5; for benzene with a high barrier
against rotation around the axis of sixth order, we have ¢/E = (0.4; for toluene with an almost free rotation of
the methyl group and low viscosity, we have £/E = (.3; and for ditolylmethane we have ¢/E = 0.2. There is
every reason to assume that only a high degree of rotational freedom of the methy! groups in the ditolylmeth-
ane molecule can account for all the listed properties of the scattering cross section. We find VCH 2 KT =

3.6 kJ/mole for the average barrier against rotation of the methyl group (with T = 436°K denoting the average
temperature of our experiments). When we use the recommendations of [4, 5], we obtain in a first approxima-
tion of the lower boundary of the remaining potential barriers against thermal motion of the ditolylmethane
molecule: VEEI{VI = epTM = 4.4 J/mole.
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DISCREPANCY OF THE RESULTS OF vy, MEASUREMENTS
IN THE FISSION OF 237TNp NUCLEI BY NEUTRONS

V. V. Malinovskii, V. G. Vorob'eva, UDC 539.173
B. D. Kuz'minov, V., M, Piksaikin,

N. N. Semenova, S, M., Solov'ev,

and P. S. Soloshenkov

To date there have been published three papers [1-3] in which results of measurements of the average
number ¥p, of prompt neutrons in the fission of %'Np nuclei by monoenergetic neutrons have been presented.
The discrepancy in the results of [1, 2] and [3] exceeds the measurement errors indicated by the authors. The
cited work was done with various measurement techniques, and the discrepancy between the results attests to
systematic errors.

The goal of the present work was to elucidate the possible reasons for discrepancies between our experi-
mental data [2] and the data of [3]. The vy values obtained for 2387 in [4] and [5, 6] by the same groups of re-
searchers, under conditions resembling those of [2] and [3], respectively, coincide within the limits of the es-
timated measurement errors, but as far as the method is concerned, our work of [2] and [4] differs practically
only by the correction to v_p (4.7% in [2], and 0.2% in [4]). The correction depends upon the level of amplitude
discrimination of the pulses generated in the ionization chamber by fission fragments.

Two versions of a fission chamber were used in [2]. The first chamber version consisted of six sections
with ten double-face layers of a substance undergoing fission and contained a total amount of 130 mg of nep-
tunium in each section. Even when the current pulses were used, a fission-event recording efficiency of about
55% could be obtained. In the second version, the chamber sections contained only one neptunium layer (7 mg).
The maximum efficiency of recording fission fragments reached 80%. An extrapolation of the measured Vp to
the Py value at 100% recording efficiency of fission fragments was made with three ¥, values, one of which had
been obtained with the first version of the fission chamber (efficiency 55%), whereas the other two had been ob-
tained with the second chamber version {recording efficiency 60 and 80%).

In the present work the dependence of the measured vp value upon the efficiency of recording fission frag-
ments was investigated in greater detail. Uranous—uranic oxide layers with a thickness of about 1 mg/cm? and
a low uniformly distributed admixture of 252Cf were used for the measurements. The chamber geometry cor-
responded to the second version [2]. Measurements at different amplitude discrimination levels for the pulses
generated by the fission fragments were made with respect to an "infinitely thin" ?%’Cf layer.

Translated from Atomnaya F?nergiya, Vol. 54, No. 3,pp. 208-209, March,1983. Original article submitted
July 12, 1982,
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Fig. 1. Dependence of vy, upon the efficiency

¢ of recording fission fragments: —,
~——=——) results of measurements made with
252Cf-containing layers on %'Np at neutron en-
ergies 2.64 and 3.07 MeV, respectively; ¢ and
0) fission-chamber sections with a single layer
undergoing fission; A, @) sections consisting of
ten layers; O) results obtained with a spiral-
shaped fission chamber at the neutron energy
2.0 MeV.

0,95

TABLE 1. Results of Ep Measurements in the Fis-
sion of ¥'Np Nuclei by Neutrons

Neutron Error in
energy, neutron 3 Statistical error
MeV energy r
(MeV)
0,98 0,04 2,795 0,012
1.17 0,04 2815 0,019
1,28 0,04 2,774 0,014
1,38 0,04 2,772 0,022
1,46 0,04 2,824 0,016
1,62 004 2.817 0017
1,66 0,06 2,907 * 0,033 -
1,68 0.04 2,882 0,015 -
77 0.04 2841 0.013
1789 0,04 2,887 0,018
1,92 0,04 2,886 0,010
2,00 0,04 2,853 0,013
2,00 0,05 2,893 T 0,034
2,09 0,04 2,880 0,017
2,13 0,04 2,878 0,010
2.93 0,03 2,944 0,012
~ 2’31 0.03 2 944 0.018
2,43 0,03 2,960 0,017
2,62 0,04 2,981 0,014
2,64 0,05 30011 * 0,022
2,71 0,03 2,990 0,017
2,79 0,05 3,003 * 0,018
2.92 0,03 3,006 0,017
3.07 0,05 37051 * 0,020
3,09 0,03 3,065 0,014
3,21 0,03 3,040 0,016
3,45 0,03 3,110 0,017
352 0,03 3,084 0,022
3,71 0,02 3,166 0,018
1 5,58 0,08 3,445 - 0,025

5,90 0,08 3,493 0,024

* Results of measurements obtained with a fission
chamber containing a single neptunium layer.

t Measurements made with a spiral-shaped fission
} chamber. '

Fisure 1 displays the results which we obtained. Each curve was determined-with the least-square
method applied to eight experimental points. The solid line corresponds to the case in which the sheet with the
layer undergoing fission served as the collecting electrode. The dashed line corresponds to the reversed po-
larity of the chamber electrodes. The difference in the conditions of pulse shaping substantially manifests it-
self in the dependence under consideration.
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Fig. 2. Results of Vp measurements in the fis-
sion of %3TNp nuclei by neutrons: O) [1]; ) [3];

®) data of [2] corrected in accordance with the
present work; A) results of measurements made
with fission-chamber sections containing a single
neptunium layer;' V) results of measurements
made with a spiral-shaped fission chamber (only
the statistical error of the measurements is shown
for all the work).

The second chamber version [2] corresponds to the conditions under which the solid curve was obtained.
The ;p values in rel. units, measured in [2] with this chamber at the neutron energies 2.64 and 3.07 MeV, were
renormalized and are shown in Fig. 1. Figure 1 includes the results of measurements performed with the first
chamber version [2] at the same neutron energies. The result of a comparison of this data with the solid-line
curve was a reduction of the correction for the discrimination of the fission events from 4.7 [2] to 3.7%.

The correction for the dependence of the measured 7p value upon the thickness of the layer undersoing
fission has been improved earlier. For the conditions of [2], the correction must be 0.3 instead of 0.1% of [2].
Thus, the results of the 7, measurements indicated in [2] for ?*"Np must be reduced to 0.8%. Our investigation
allowed us to determine the corrections for the discrimination of the fission events in the case of V measure-
ments made with the second chamber version and a recording efficiency of 80%of fission events at neutron
energies of 1.66 and 2.79 MeV.

In our work we made measurements with a spiral-shaped ionization chamber for fission events in order
to determine the optimal design of the fission chamber (combination of maximum recording efficiency of fis-
sion events with maximum loading of material undergoing fission). A neptunium layer with a thickness of 1
mg/cm2 was applied to a 5-mm-broad aluminum foil. The gap between the electrodes was 0.5 mm, and the outer
_spiral diameter was 25 mm. The total amount of neptunium in the chamber .was- 55 mg. The chamber was
filled with an argon—carbon dioxide mixture under a pressure of 304 kPa. Measurements were made for two
efficiency values of recording fission fragments (45 and 70%) at a neutron energy of 2.0 MeV.

The corrected dataof {2] and the results of our work are listed in Table 1. The assumption Vp =3.733
was made for the spontaneous fission of 2%2Cf. The corrected Tfp values of [2] and the results of [1, 3] are com~
pared in Fig. 2. Figure 2 also shows the Vp values obtained in our work for *'Np. The systematic discrepancy
between our results and the results of [3] still exists. The relative form of the energy dependence of vp is
practically the same in the two investigations. :
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AVERAGE NUMRER OF PROMPT NEUTRONS IN THE FISSION
OF 232Th NUCLEI BY NEUTRONS

V. V. Malinovskii, V. G. Vorob'eva, UDC 539.173
B. D. Kuz'minov, V., M. Piksaikin,

N, N. Semenova, V. S, Valyavkin,

and S. M. Solov'ev

Measurements of the average number 7p, of prompt nevtrons obtained in the fission of 2Th nuvclei by
neutrons have been described in [1-8]. An analysis of the results of [9] has shown that the experimental data
do not suffice for developing a theory on the energy dependence of 17p for practical applications and for consid-
erations of the nuclear fission process per se. More particularly, the increase in vp found in the previous
measurements of [4-6] in proportion to a decrease in excitation energy near the fission threshold has been
denied in [7]. In the recently published paper [8], the effect was once more assumed to be real.

In our work we measured vy, for the fission of ¥*Th nuclei by neutrons in the energy range 1.3-6.35 MeV
(see Table 1). The measurement technique has been described in detail in [10, 11]. A set of sixteen 3He-filled
counters mounted in a polyethylene moderator was used as the neutron detector. The nuclear fission events
were recorded bv an ionization chamber which comprised six sections with ten double-face layers in each.
The layers with a thickness of 1.0 mg/cm? and a diameter of 30 mm were made from thorium dioxide. Inor-
der to obtain monoenergetic neutrons, the T(p, n) and D(d, n) reactions were used. - The protons and deuterons
were accelerated by an electrostatic accelerator operated in the steady mode. The error in the neutron energy

TABLE 1. Results of the Yp Measurements in
the Fission of #2Th Nuclei by Neutrons

Neutron s Neutron ept

energy, v Statistical energy, S, Statistical

MeV ) error MeV . . error
1,35 2,194 0,022 2,70 2,234 0,024 .
1,50 2,208 0,019 2,80 2,200 0,027
1,60 2,142 0,022 2,90 2,232 0,027
1,70 2,145 0,020 3,00 2,233 0,025
1,80 2,155 0,024 3,10 2,274 0,021
1,90 2,169 0,020 3,20 2,276 | 0,019
2,00 2,215 0,015 3,30 2,270 0,030
2,10 2,202 |. 0,019 3,40 2,328 0,022
2,15 2,224 0,022 3,50 -2,316 0,027
2,20 2,213 0,024 3,60 | 2,310-| 0,026
2,30 | 2,223 -0,025 3,70 2,387 | 0,044
2,40 2,185 0,020 5,60 2,683 0,030
2,50 2,226 0,03 5,90 2,689 0,022
2,60 2,232 0,026 6,35 2,887 0,026

Translated from Atomnaya I::nergiya, Vol. 54, Nq. 3, pp. 209-211,March, 1983. Original article submitted
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Fig. 1. Measurement of ¥, in the fission of **Th by neutrons: e) our
work; A) [1]; @) [2]; x) [3];0) [4]; &) [5]; V) [6]; D) [7]; O) [8].

was 30-40 keV at energies of up to 3.7 MeV and about 80 keV in the energy range 5-6 MeV. The V—p measure-
ments on %2Th were made relative to the value vp = 3.733 in the spontaneous fission of 5°Cf,

The meaning of the various corrections in terms of physics and the manner in which the corrections are
brought into account in the results of the 17p measurements have been previously described in [10, 11]. We
modified only the manner of obtaining corrections which are associated with the incomplete recording of fis-
sion events. For this purpose the results of special investigations were used. The correction resulting from
the amplitude discrimination of the pulses caused by fission fragments amounted in our work to (1.120.3)%;
the correction which is associated with the loss of fragments in the layer undergoing fission was (0.4 +0.1)%.
The results of our work and of the previous work of [1-8] is compared in Fig. 1, which also displays the sta-
tistical errorof the measurements.

Despite the rather broad spread of the data shown in Fig. 1, a complicated energy dependence of Vp is
observed in the neutron energy range of 1.3-6 MeV. Of particular interest is the decrease in ij at increasing
neutron energies near the fission threshold. This means that the fraction of the fission energy spent in the
emission of neutrons decreases in proportion to the increase in the excitation energy of the nucleus undergoing
fission, i.e., the fission energy is redistributed between the excitation energy and the kinetic energy of the
fission fragments.
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ADJUSTMENT OF THE NEUTRON FLUX WITH THE AID
OF ADSORPTION SYSTEMS

I. G. Gverdtsiteli, A. G. Kalandarishvili, ' UDC 621.039.515
M. N. Korotenko, S. D. Krivonosov,
A. V, Nikonov, and N, N, Parkhomenko

The present work is a continuation of investigations concerning the adjustment of the thermal-neutron
flux density in experimental channels of research reactors by means of sorption and desorption processes in-
volving neutron-absorbing substances on neutron-transparent sorbents [1, 2].

The selection of materials to be used as sorbent and sorbate depends upon a number of thermodynamic
and nuclear-physics constants and particularly upon the fact that the efficiency in the use of various sorption
pairs is restricted to certain temperature intervals. The adsorption pair alkali metal—pyrolytic graphite
proposed in [1] is efficient only in a too-high temperature interval (800-1000°K). In the selection of a sorption
pair, it was attempted to reduce the interval of operational temperatures, and materials with a large absorp-
tion cross section of thermal neutrons were used as sorbates, Since cadmium [2] solves only the second part
of the problem, the present work deals with results of research for using boron trifluoride as adsorbate. This
makes it possible to reduce the interval of operational temperatures to 300-550°K and to obtain a large ab-
sorption cross section of thermal neutrons by the boron which is present in the adsorbate.

The investigations were made on the VVR-M reactor of the Institute of Nuclear Research of the Academy
of Sciences of the Ukrainian SSR in a vertical channel which is situated in the beryllium reflector; a special
tube with the adsorption pair: activated carbon—boron trifluoride (enriched with 92.2% 10By was employed.

Fery+ KPa

Fig. 1. Dependence of the adsorbed amount of
boron trifluoride (1 mmole gas per gram acti-
vated carbon) upon the adsorbate pressure at
the adsorbent temperature 290 (A, ®); 330 O);
380 (V); 430 (3); and485 °K (X),

Translated from Atomnaya Energiya, Vol. 54, No. 3,pp. 211-212, March, 1983. Original article submitted
July 16, 1982. '
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Fig. 2. Scheme of the experimental sealed tube for regulating the

neutron flux with an activated carbon—boron trifluoride (AC + 19BF,)
system. ‘

Fig. 3. Relative distribution of the neutrons over the height of the
experimental channel: 1) with pure adsorbent; 2) after adsorption by
boron trifluoride; 3) temperature distribution over the height of the
regulator.

Before the reactor experiment, the adsorption isotherms of BF; on activated carbon (Fig. 1) had been
studied with a weighing method. This made it possible to select the necessary temperature conditions in the
testing of the sealed tube. In the tests with the sealed tube, the neutron distribution at a thermal power of 1
MW of the reactor and at various concentrations of the boron trifluoride adsorbed on the activated carbon
(filling the cavity of regulation) had to be measured. The neutron distribution was measured in the central tube
of the channel with three techniques: moving a detector of direct charging, moving a sensor of thermal neu-
trons, and foil activation at various points distributed over the reactor core.

The sealed tube (Fig. 2) consisted of a central tube 1, a neutron-flux regulator 5, a boron trifluoride sup-
ply 2, a remote-control valve 4 protected by housing 8 and inserted between the regulator and the supply, and a
temperature-regulating and checking system for the various components, the system baving the form of elec-
tric heaters 3, 7 and a Chromel—Alumel thermocouple. The neutron-flux regulator was a cylinder with two
coaxial cavities; one of the cavities (cavity 5) was filled with activated SKT-2 carbon (layer thickness 12 mm,
density 0.62 g/cm?®); the second cavity (cavity 6) served as the gas duct for the boron trifluoride. The neutron-
flix regulator with the activated carbon was degassed at 700°K to a vacuum of 0.01 Pa and thereafter hermet-
ically sealed. The adsorbate supply had the form of a hollow cylinder filled with the same amount of activated
carbon as the regulator. After evacuation, boron trifluoride was adsorbed on. the activated carbon of the sup-
ply to a concentration of 0.18 g trifluoride per gram activated carbon; after that, the supply was hermetically
sealed. After measuring the initial neutron distribution and opening the remote-control valve, communication
between the neutron-flux regulator and the absorbate supply was established. A direct-charging detector was
attached to the outer surface of the housing for measuring the neutron flux in the cell. The concentration of the
boron trifluoride in the regulator was determined by measuring the equilibrium absorption concentration in de-
pendence upon the temperature of both the regulator and the supply.

The measured distribution of the thermal-neutron flux density over the height of the experimental chan-
nel is depicted in Fig. 3. Curve 1 corresponds to the initial distribution measured with a thermal-neutron sen-
sor with a sensitivityof6.2 - 10~ Bw.cm?. sec/neutron, Theneutron distribution (curve 2) was measured at an average
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temperature of the regulator of 410°K. In this case the supply temperature was 360 K, The temperature dis-
tribution over the mantle of the regulator is represented by curve 3. The value 0.057 was obtained for the
specific concentration of boron trifluoride adsorbed in the regulator; the quantity was determined from the
condition that the BF; mass in the sealed tube must be constant over the adsorption isotherms. It was there-
fore possible to obtain a fourfold attenuation of the neutron flux relative to a uniform distribution over a path
length of ~ 0.35 m. This confirmed that boron trifluoride is uniformly adsorbed on large quantities of the
carbon. The slightly increased attenuation of the neutron flux in the region h = —0.2 m seems to result from
an increased layer density in the lower part of the regulatoir, wherein small carbon granules accumulate.

The neutron distributions determined with the aid of the direct charging detector and the thermal-neu-
tron sensor over the height of the experimental channel are in good agreement except for sections with an in-
creased gradient of the neutron flux density because, owing to the length of the sensor, the signal of the ther-
mal-neutron sensor is an average signal over a length of 0.1 m.

Calculations have shown that after 100 h of continuous operation with an average thermal-neutron flux
density of 210" neutrons/(cm? - sec), the !B burnout amounts to 2.8% and to 24.4% after 1000 h. The burnout
can be fully compensated for by a corresponding decrease in adsorbent temperature in the regulator or by an
increase in adsorbent temperature in the supply. The latter implies an additional BF, adsorption in the
regulator.

The pressure increase developing in the regulator from the reaction ’BF; + ;n'— "Li + ‘He + 3F during
100 h irradiation time at the nominal power and an attenuation of 0.5 in a layer thickness of 1 cm amounts to
80 kPa, and to 700 kPa after 1000 h. Since the gas generated is distributed over the entire volume of the regu-
lator system {(this volume exceeds the activated-carbon volumein the regulator several times), in which the
reaction takes place, the pressure in the system must be correspondingly reduced, i.e., for compensating for
the pressure increase in the regulator one need not take special measures before a safe life of about 1000 h.
The work capacity and efficiency of the neutron-flux regulating system based on the sorption pair activated
carbon—horon trifluoride was therefore experimentally confirmed.
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16%yh GAMMA SOURCES

A. V. Klinov A, V, Mamelin, UDC 621.039.8.002: 621.039.554
and Yu. G. Toporov

Because of its large output and high resolving power, vy flaw detection holds a firm position among meth-
ods of nondestructive testing, and the range of its application is being extended to more and more new classes
of materials and products. To make v flaw detectors highly effective it is necessary to produce specialized
radiation sources with characteristics appropriate to the requirements of a specific problem.

Among the promising v sources for detecting flaws in articles made of light alloys is '6Yb, which emits
low average energy v rays (~ 93 keV) and has an acceptable half-life of 32 days [1]. For such a source to be
practically useful, however, it must produce a high flux from a small volume, or in other words, it must have a
specific activity of at least 100 TBq/qX* It thus becomes necessary to determine how to optimize the conditions
for the accumulation of 1$9yYb,

The radionuclide *$*Yb is formed in the radiative capture of reactor neutrons by '¥Yb (in practice a mix-
ture of Yb isotopes enriched in !68vb is used). Both the starting and accumulated nuclides have largé capture
cross sections for thermal neutrons and a pronounced resonance in the cross section in the epithermal re-
gion {2]. This means that an adequate prediction of the '#*Yb accumulation and the choice of irradiation regimes

*1 TBq = 10'% Bq.

Translated from Atomnaya Energiya, Vol. 54, No. 3, pp. 212-213, March, 1983. Original article submitted
July 16, 1982.
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TABLE 1. Two-Group Constants of Ytterbium
Isotopes

[ Resonance integral
Cross section (b *) 1 S%n r}cfeh 1{1tegral
« for infinite

Isotope | for neutron energy

0.0253 eV dilution, b (Egr =
18y} 2200£1470 240003000
165yh 3600300 3500-£500

* 1b=10"2%m’
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Fig. 1. Dependence of Kp; of
163yh and '$*Yb on isotopic con-

tent of source.

200

~
[
=

a,10% Ba/g
~\
<
<D

50

0 70 20 30
Irradiation time, days
Fig. 2. Specific activity a of 1Yh
as a function of irradiation time.
Numbers on curves are values of
thermal neutron flux ¢, 10'* neu-
trons/(cm2 *sec).

requires taking'account of the burnup of the radionuclide formed and of the self-shielding of the irradiated

material.

The accumulation of 89Yb was calculated with a computer program for the numerical solution of the sys-
tem of differential equations describing the variation of the number of nuclei of the nuclides in the irradiation
process. The nuclear reaction rates were calculated in the two-group approximation, using the constants
(Table 1) obtained from data in [2]. The values of the effective resonance integrals of the ytterbium isotopes
as a function of the isotopic concentration in the sample were calculated in the intermediate resonance approx-
imation [3], taking account of the Doppler effect. Figure 1 shows the dependence of the blocking factors Kp; =
Ieff/lo for 168Yb and '*Yb on the isotopic content of the source at 300°K calculated with resonance parameters
from [2]. The initial content of YD in the source was 2.8- 10'° em~2.

234

Declassified and Approved For Release 2013/02/06 : CIA-RDP10-02196R000300020003-7




Declassified and Approved For Release 2013/02/06 : CIA-RDP10-02196R000300020003-7

2001
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Irradiation time, days
Fig. 3. Calculated and experi-
mental data on the accumulation
of Yb in a reflector channel of
the SM-2 reactor.

The calculated values of the accumulation of YD in fac1ht1es w1th various thermal neutron fluxes are
shown in Fig. 2. The hardness index of the neutron spectrum (the ratio of the. epithermal neutron flux per unit
lethargy to the thermal neutron flux) was taken equal to 0.04, which corresponds to the typical neutron spec-
trum in irradiation channels in the beryllium reflector of the SM -2 reactor. The results obfamed show that:

the irradiation time for maximum '69Yb yield decreases with increasing neutron flux;

the absolute value of the maximum yield of the radionuclide exceeds 150 TBq/g, and is insensitive to a
change in the neutron flux in the range considered.

For an experimental test of the calculations, we irradiated several batches of preparations of sources in
a channel of the beryllium reflector of the SM-~2 reactor, where the thermal neutron flux ¢ = 2+10 neu-
trons/(cm?- sec). The ! 9Yb activity was determined by measuring the ¥ spectrum of the source radiation, and
took the value of the '%®Yby constant equal to 0.2 nA -m?/ (kg - GBq) [1]. Figure3 shows that there is satisfac-
tory agreement of the experimental and calculated values. An estimate of the accuracy of the calculations
must take account of the fact that the errors. in the two-group cross sections of the Yb isotopes are ~ 10%. The
more than 150 TBq/g 189Yp activity attained opens up the possibility of the practical utilization of these sources
in v flaw detectors. '
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1. Yu. V., Khol'nov et al., Radiation Characteristics of Radioactive Nuclides Use in the National Economy
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COMPARISON OF THE ONE-GROUP CONSTANTS OF THE ACTINIDES
IN A TEST MODEL OF A FAST REACTOR

A. I. Voropaev, V. V. Vozyakov, UDC 621.039.51
A, I, Zinin, and A, G. Tsikunov

In 1979 the European—American Committee on Reactor Physics (NEACRP) proposed to carry out a com-
parison of the nuclear data of the actinides, used in physics calculations of fast reactors in different countries
and mainly determining the radiation characteristics of irradiated and regenerated fuel.

The participants proposed the calculation of the one-group fission and radiative capture cross sections
for 16 actinides at the center of the core of a two-dimensional test model of a fast reactor with a capacity of
1200 MW (elec.). Earlier, based on this model, the principal physical parameters determining the economics
and safety of planned fast reactors were compared (critical loading, breeding, control and safety system ef-
ficiency, Doppler effect, etc.). [1].

Systematization of the results, presented from six countries, was carried out by specialists of the
German Federal Republic [2], The nuclear data libraries used by the participants for the calculations were:
Great Britain — FGL-5; USA — ENDF/B-V; France — Carnaval-4; Federal Republic of Germany — KEDAK-3,
and Japan — JENDL-2. ’

In the calculations of the Soviet Union, the nuclear data for 235y, 238y, 239py, 240py, 24 py, and 22Pu cor-
respond to the data of the BNAB-78 system of constants, and the constants for the other nuclides correspond
to the recommendations of [3]. This constant guarantee is being used now in the Physicopower Institute for
solving physics problems associated with the external fuel cycle of fast reactors. The normalized group fluxes,
by which the cross sections have been averaged, calculated by a two-dimensional diffusion program, occur-
ring in the block of programs for the complex calculation of fast reactors [4], are:

N Neutron

Energy ?ﬁt;o n Energy flux
10,5—6,5 MeV 0,0015 21,5—10 0,0831
6,5—4 0,0088 10—4,65 0,0488

4—25 0,0215 4,65—2.15 0,0133
2,5—1,4 0,0415 2,15—1 0;0240
1,4—0,8 . 0,051 10,465 . 0,0119
0,8—0,4 0,1264 465—215 eV 0,0033
0,4—0,2 0,1436 215--400 0,0389
0,2—0,1 0,1564 100—46,5 0,0313
100—46,5 keV 01479 46,5—21,5 0,0421
46,5—21,5 0,1153 21,5—10 0,051

TABLE 1. One-Group Fission Cross Sections of the Actinides at the Center of the Core of a
Fast Reactor Two-Dimensional Test Model, b

Com 234y . '2351]' 238U | 238U zéva; 238Py | 230py | 240py 241pg 242Py | 241 Am| 242Am| 243Am .242Cm 243Cm | 244Cm
Soviet Union 0,31-2,08 10:09510,039| 0,31 | 1,13 ] 1,90 ] 0,36 | 2,65 | 0,22 | 0,27 | 3,20 [ 0,21 | 0,16 [ 2,4 | 0,40
Great Britain 0,29 |'1,98 |0,088(0,043( 0,31} 1,43 | 1,83 | 0,35 | 2,69 | 0,22 ( 0,31 ; 3,33 | 0,19 { 1,23.] 2,9 | 0,38
USA 0,32 12,00 |0,099]0,040)0,32'1 1,14 | 1,86 10,36 | 2,63 | 0,25 | 0,28 | 3,61 | 0,22 - 2,8 | 0,40
France 10,30 | 1,9410,092]0,040|.0,3310,84 | 1,81 0,33 2,53 | 0,22} 0,29 3,70 | 0,20 | 2,05 3,4 | 0,45
Federal i

Republic of Germany |- - [ 2,00 [ 0,041 0,32 [ 1,03 | 1,87 [ 0,36 12,54 | 0,24]0,26]3,8]0,207 2,5 | 0,43-
Japan B 240 | - To,080) ~ 11,27171,88 ] 0,37 12,610,287 0,30 0,23 ] 10,43
Average for 0,30, 2,00 {0,093 0,042 0,32 1,05 [ 1,85 | 0,35 | 2,60 | 0,24 | 0,29 | 3,62 | 0,217 41.64 | 2,9 | 0,42
foreign i 0 .

-laboratories

Translated from Atomnaya Fnergiya, Vol. 54, No. 3, pp. 214-215, March,1983, Original article submitted
August 2, 1982.
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TABLE 2, One-Group Radiative Capture Cross Sections of the Actinides at the Center of the
Core of a Fast Reactor Two- Dlmensmnal Test Model, b

COuntry 934y | 235U | w30y | 2380 237Np 238Py 239pu 240Py | 241Py | 242Pu | 241 Am| 242Am| 293Am 242(;.1; 243Cm | 244Cm
Soviet Union | 0,66 | 0,63 | 0,60 | 0,31 | 1.70 | 0,81 | 0.58 | 0,62"] 0.50 [ 0,52 1,91 [0.46'].1.76.] 0,42 ].0,36 ] 0,93
Great Britain | 0,6f 10,53 0,59 | 0,29 14,95 [ 0,45 [ 0,55 ] 0,63 | 0,62 |"0,39.] 2,04 | 0,14 | 1,73 [ 0,51,| 0,10 [ O, Ty
USA 0,66 | 0,6210,61]0,31}1,86]0,8 | 0,57 0,61 .0,50°] 0,48 1,89 ] 0,10.]"1.20 ] " 0.977.0.91.
France '0,3570,59 [0,51 ] 0,29 1.44 ) 0,54.] 6,57 0,55 ]'0,50° _‘0,63',_2",02__ 0,707 1,60 | 0,59').6.50 | 0,85
\ Federal

‘Republic of ) i 1. ] . L . N )

Germany i 10,601 0,31 ] 1,64 |.0,68]0,57 ] 0,57 ]‘0,50_ 0,50 ['1,931 0,46 | 1,53 _. 0,18.] 0,65
Average for '

foreign ) 1 . 1 e . e . ) [

laboratories | 0,54 | 0,60 ] 0,57 | 0,30] 1,72 | 0,68 ] 0,57 0,60 |0,53]0,48].1,91] 0,34 1,54.10,55] 0,26 } 0,74

The results of the comparison of the calculations from all the participants are presented in Tables 1 and
2. The following conclusions can be drawn from the results presented:

1. The constants for the fission and radiative capture cross sections of the principal actinides, used in
the Physicopower Institute, on the whole coincide well with the recent estimates of ENDF/ B-V and JENDL-2.

2. There is a significant spread in the data for “?Am and curium isotopes.

3. When solving problems associated with the external fuel cycle of fast reactors, reliable data about
the (n, 2n) reaction cross sections of plutonium and neptunium are essential. It is desirable to also carry
out a representative comparison of these data,
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PURIFICATION OF THE BR-1¢ SODIUM COOLANT FROM CESIUM RADIONUCLIDES

V. P. Vaizer, I. A. Efimov, UDC 621.039.534...24: 621.039.738

E. E. Konovalov, A. [. Lastov,
and V. S, Shereshkov

During the operation of fast reactors it has been established that the radioactivity of the sodium coolant
of the primary circuit after the decay of %Na is determined mainly by ?*Na and !¥'Cs. The activity of the lat-
ter can exceed the activity of Na by an order or more, and can exceed that of the corrosion products by sev-
eral times. The contribution of !¥Cs v radiation to the exposed dose intensity from the sodium pipelines and
the plant of the primary circuit of the shut-down reactor can attain 90% of the total dose from fission andcor-
rosion products. Therefore, the purification of the sodium coolant from radionuclides of cesium is of great
practical importance. As applicable to the problem posed, it is most advantageous to use the capability of
cesium to form layer compounds with graphite — graphitides. This unique solution, proposed for the first time
in {1-3], already has attained practical realization [4, 5].

In the present paper, the results of laboratory investigations of the interaction of cesium impurities in
the sodium with different graphites and other materials and the results of tests of traps for the purification of
the BR-10 sodium coolant from radionuclides of sodium are described. The laboratory investigations were
conducted in static isothermal conditions. For this the equilibrium distribution coefficients of 137Cs between
the sodium melt and the materials being investigated were measured: K = AS/Aliq (m3/kg), where Ag and Anq
are the specific activities of *¥Cs in the solid (Bq/kg) and liquid (Bq/m?®) phases. The results of the isothermal
tests are presented below, illustrating the capability of different materials to absorb cesium radionuclides
from the sodium melt. The equilibrium distribution coefficients of 137Cs in the systems sodium —graphitic ma-
terials and sodium —sorbents at 300°C, m3/kg, are shown:

Activated carbons (BUA, KAD, AR-3,SKT). .. ....... [P 2.2-4.3
Vitreous carbon SU-200, . .. .. e e e e e e e e e e e e 4.5
Graphite gauze .. ... . ... . ... . 2.8
Graphite ARV . . 6.3 (260°C)
Reactor graphite . . .. . . .. . . ... 0.72
Isotropic pyrographite:

Towdensity . . .. ... ... 3.1

highdensity . ... ... . . . . e 1.9
Anisotropic graphite, highdensity. .. . ... ... ... .. ... .. ... ... ... 0.86
Pyrographite MPG-8 . . . . . . . ... . e 8.3 (230°C)
Pyrographite MPG-6 . . . .. ... .. . . e 23.0
Alumogel AG-100 . . . . . . L e e 0.40
Zeolite (NaA, NaX, CaA, CaX) . . .. .ot i e e 0.22-0.28
Metal—ceramic nickel filter, pore size 12 um . ... ... .. ..., ... ... ... 0.01

In the experiments the cesium concentration in the sodium melt did not exceed 10~° mass 9.. It can be
seen from the data given that graphitic materials are the most efficient absorbers of cesium.

The results of nonisothermal investigations of the interaction between 137Cs and pyrographites and vitre-
ous graphite are represented in Fig. 1. Interaction takes place by a chemisorption mechanism. The presence
of a maximum confirms the participation of activation processes in the absorption [6]. It follows from the
course of the curves in Fig. 1 that the optimum temperature of the graphite in cesium traps should not exceed
250-300°C. Above it, the distribution coefficient decreases in accordance with the requirements of thermo-
dynamics.

It is advantageous to use the most simple forms of graphitic materials as the sorbent for a cesium trap —
pyrographites or vitreous carbon — in order to reduce to 2 minimum the loss of carbon particles into the sodium

Translated from Atomnaya Fnergiya,Vol. 54,No. 3, pp. 215-216, March, 1983. Original article submitted
August 9, 1982.
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Fig. 1. Temperature dependence of the distribu-
tion coefficients of 13Cs between sodium and MPG-
6 (O_); MPG-8 (®); SU-200 (®); and PGI ©O).
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Fig. 2. Filter-trap for cesium ra-
dionuclides of the BR-10 reactor:
1) cap; 2) filter gauze; 3) cone; 4)
carbon material; 5) housing; 6) per-
forated tubes; 7) centering retainer;
8) shaft.
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coolant. It is known that the alkali metals reduce the strength of graphite [7]. This phenomenon is related
with the Rebinder effect: Themechanical strength of solid materials is reduced by the action of surface-ac-
tive substances. The particles of graphite, carried into the coolant stream, can serve as carriers of cesium .
radionuclides, and also develop chemical activity in the hot sections of the circuit.

For the reactor investigations of the sorption of radionuclides, including !*'Cs and 3¢Cs, and also for
the improvement of maintenance work conditions on the pipelines and plantof the BR-10 primary circuit, pum—
fication of the sodium coolant was carried out by means of traps filled with isotropic pyrographite (PGI) and -
SKT-6. In the development of the design of the traps and the carrying out of work on the purification of the
coolant, the experiments of similar work on the BOR-60 [4] was extremely useful. The traps (Fig. 2) were
installed in the central channel of the BR- 10, having an autonomous coolant feed, instead of the experimental
fuel-element assembly. For this purpose, the cap and shaft of a normal fuel-element assembly were used in
the design, and instead of the hexagonal fuel-element assembly, a tube with a diameter of 24 mm was used.
The sorbent being tested was located between two perforated tubes with diameters of 20 and 8 mm at a height
of 550 mm. The sodium entered the trap from below and passed through the layer of sorbent in the radial di-
rection to the central tube. Having moved through it upwards, the sodium exited through an opening in the cap
and was mixed with the normal flow from the core.

The investigations were conducted before shutdown of the reactor for thorough overhaul. The volume of
sodium in the primary circuit amounted to 1.65 m3, the temperature of the sodium and sorbent was 240°C, and
the coolant flow rate through the trap was 1.0 m3/h, which corresponded to a rate of sodium filtration through
the sorbent of 2.2 to 5 cm/sec. The traps with pyrographite and activated carbon were installed alternately in
the central channel. The mass of sorbent in the traps amounted to 140.5 and 61 g, respectively. For this the
multiplicities of the sodium exchange were 100 and 81. The y-radiation dose intensity at the surface of the
primary-circuit pipelines before the start of the experiment attained 400 uR/sec (1 R = 2.58-107* C/kg), and
50% was due to '¥'Cs and 134Cs, and 30% to 22Na. The initial concentrations of 137Cs were 1.7-10%and 1.3 - 10
Bq/kg sodium, respectively.

In addition to purification of the sodium coolant, at the end of the experiments the walls of the primary
circuit were partially cleansed from radioactive cesium. By switching on the electrical heating, the tempera-
ture of the primary ecircuit was raised to 340-370°C, and the cesium trap with activated carbon continued to
function at a temperature of 240°C. In consequence of this, part of the radioactive cesium was transferred
from the walls of the circuit into the trap —approximately 1.2 Ci (1 Ci = 3.700 10" Bq), which amounted to
more than one half of the radioactive cesium existing on the walls of the circuit. A gamma-scan of the ex-
tracted traps over the height of the sorption layer showed that the design of the trap with radial filtration en-
sures a quite uniform distribution of the activity over its height.

In the case of purification of the coolant with the traps with pyrographite PGI and with carbon SKT-6, the
v-radiation dose intensity was reduced by a factor of 3, and the contribution to it of cesium radionuclides was
reduced by a factor of 10. After purification the contribution to the dose intensity from cesium radionuclides
became less than the contribution from corrosion products by a factor of five, and became an order less than
the contribution from #Na. Purification of the coolant allowed the concentration of 13'Cs to be reduced by a
factor of 18. When analyzing samples of sodium before and after purification, it was found that its filtration
through carbonaceous sorbents during 180 h was not accompanied by an increase of the content of carbon in
the coolant (limit of carbon detection was 4-107%).

Based on the experiments on the BR-10, a provisional estimate was made of the amount of graphitic ma-
terials necessary for a tenfold reduction of the concentration of cesium radionuclides in the primary circuit of
the BN-600. The calculation showed that for conditions similar to those used in the BR-10, 10 kg of pyro-
‘graphite PGI are required in one or several traps.
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